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ABSTRACT

A research program to study smoldering combustion with
emphasis on the design of an experiment to be conducted in the
Space Shuttle was conducted at the Department of Mechanical
Engineering, University of cCalifornia Berkeley under NASA
sponsorship. The motivation of the research is the interest in
smoldering both as a fundamental combustion problem and as a
serious fire risk. Research conducted included theoretical and
experimental studies that have brought considerable new
information about smolder combustion, the effect that buoyancy
has on the process, and specific information for the design of a
space experiment. Experiments were conducted at normal gravity,
in opposed and forward mode of propagation and in the upward and
downward direction to determine the effect and range of influence
of gravity on smolder. Experiments were also conducted in
microgravity, in a drop tower and in parabolic aircraft flights,
where the brief microgravity periods were used to analyze
transient aspects of the problem. Significant progress was made
on the study of one-dimensional smolder, particularly in the
opposed-flow configuration. These studies provided the background
for a continuation research program currently underway on
smoldering, also supported by NASA. They also provided enough
information to design a small-scale space-based experiment and
that was successfully conducted in the Spacelab Glovebox in the
June 1992 USML-1/STS-50 mission of the Space Shuttle Columbia.



I. INTRODUCTION

Smoldering is defined as a non-flaming, surface combustion
reaction, that propagates through the interior of porous
combustible materials. The propagation of the smolder reaction is
a complex phenomena involving processes related to the transport
of heat and mass in a porous media, together with surface chemi-
cal reactions. Smoldering is a weakly reacting phenomena, and
generally propagates very slowly. However, it can play an impor-
tant role in the initiation of unwanted fires because of the
potential rapid transition from the slow smoldering reaction to
the flaming combustion of the material. Furthermore, smoldering
is often difficult to detect and suppress because it may take
place in the material interior and the porosity of the material
may prevent the access of the extinguishing agent to the reaction
zone. Thus, understanding of the physical and chemical mechanisms
controlling smoldering is important not only because smoldering
is a fundamental combustion process, but because such understand-
ing can be critical to the prevention and control of destructive
fires.

Smoldering is classified into opposed and forward
configurations according to the direction in which the oxidizer
flows toward the reaction zone. In opposed smolder, the oxidizer
enters the reaction zone opposing the direction of propagation,
and in forward smolder in the same direction. Since in the
reference frame of the reaction zone the fuel and oxidizer enter
the reaction zone from the same direction in opposed smolder and
in the opposite direction in forward smolder, the former type of
smolder has been also referred to as co-current smolder, and the
latter as counter-current. The transport of mass can take place
by mixed convection, forced and free, and by diffusion. This
leads to a secondary classification of smoldering into convection
driven and diffusion driven smolder. At normal gravity there is
yet another classification into downward and upward smolder
propagation.

Research conducted under this grant included theoretical and
experimental studies of both opposed and forward smolder, that
have brought considerable new information about smolder com-
bustion and the effect that buoyancy has on the process. During
the initial stages of the research program, emphasis was given
to the development of a theoretical foundation for the program.
once the theoretical development reached a stage where
comparison with experiments was deemed necessary, the emphasis
was shifted to the experimental program. The objective of the
experiments was to determine the effect of buoyancy (gravity) on
smoldering, and to provide a data base for theoretical models
verification. Experiments indicated that buoyancy had a small
influence on the one-dimensional, co-current smoldering of
cellulose and only at very low forced flow air velocities. It has
a significant influence, however, when smolder occurs in a

2



-

gas-solid interface. Unfortunately, cellulose powder sediments
and it is not possible to do upward burning experiments, or to
significantly vary the void fraction in normal gravity. For this
reason the research was switched to conducting the experiments
with polyurethane foam.

Polyurethane foam, however, smolders only in a narrow range
of conditions. After testing several ignition methods, a reliable
ignition system was developed, and a vigorous ground based

‘experimental program followed. A series of experiments in normal

gravity for downward and upward, natural convection, co-current
smoldering of polyurethane foam were completed. Another series
of experiments were conducted at the NASA ILeRC 2.2 seconds
Drop-Tower to observe trends in the ignition characteristics of
the foam, and to attempt to infer how smoldering will behave in
microgravity. These tests were followed by another series of
variable gravity smolder experiments conducted in the KC-135 and
Lear-jet aircraft.

IX. RESEARCH PROGRESS

The research program was planned to follow a progressive
path aimed to acquire the information needed to design smolder
experiments to be carried out in a space-based laboratory. The
experiments would provide data, which in conjunction with
theoretical models, would help to elucidate the mechanisms
controlling smolder, and its potential behavior in a space
environment. The research conducted wunder this grant is
summarized below. References are given, to papers published or
presented at meetings, that describe the work in more detail.

II.1 THEORY

During the initial stages of the research program efforts
were concentrated on the development of theoretical models of
smolder. Models of opposed (co-current) and forward (counter-
current) smoldering under pure forced-flow, zero-gravity, condi-
tions were developed [1,2,4]. The models describe the propagation
of a smolder reaction through a porous solid fuel, and the
resulting governing equations consist of the Darcy equation to
describe the flow through the porous media, and the energy and
species equations to describe the heat released at the reaction

‘and the transport of heat and mass to and from the reaction.

Because of the microgravity environment, it is assumed that the
propagation of the smolder reaction is one-dimensional and
steady. Radiation heat transfer 1is incorporated using the
diffusion approximation and smolder combustion is modeled by a
finite rate, one step reaction mechanism. Because the solid and
the gas move at different velocities, both the smolder
temperature, and the smolder velocity are eigenvalues.
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The resulting dimensionless equations are similar to those
governing the propagation of a laminar premixed flame for opposed
smolder, and to a diffusion flame for forward smolder. From these
non-dimensional equations the non-dimensional groups that control
smoldering were identified for their use in the definition of
the experiments [1,2,4]. The solution of the equations provided
explicit expressions for the char oxidation velocity, and smolder
reaction velocity and temperature. A global energy balance
between the energy released in the reaction and the energy
"required to preheat the solid and the gas provides an explicit
expression for the smolder velocity. The key predictions are that
the smolder reaction temperature increases logarithmically and
the smolder velocity linearly with the oxygen mass flux reaching
the reaction.

II.2 EXPERIMENTS

once the theoretical development reached a stage where
comparison with experiments was deemed necessary, the emphasis
was shifted to the development of the experimental aspect of the
project. The scope of the experiments was the determination of
how, and under what conditions, buoyancy (gravity) affects
smoldering, and to provide a data base for comparison with theo-
retical models.

II.2.1 Cellulose Smoldering

Experiments were first conducted with powder cellulose as
the combustible material [3,5,6] because it smolders easily and
because there is considerable information about the subject in
the technical 1literature. In the experiments buoyancy was
modified primarily by changing the gas density through the ambi-
ent pressure. These experiments indicated that deep in the
interior of the cellulose sample, buoyancy had a small influence
on the one-dimensional, downward, opposed smoldering and only at
very low forced-flow air velocities. It had a significant
influence, however, when smolder occurred at the gas/solid
interface, or if chimney-induced drafts were present in the
experiments.

Cellulose powder sediments and it is not possible to do
upward burning experiments, or to significantly vary the void
fraction in normal gravity. For this reason the research was
switched to conducting the experiments with a self-supporting
porous fuel, specifically polyurethane foam.

II.2.2 Polyurethane Foam Smoldering
Polyurethane foam smolders only in a narrow range of

conditions, extinguishing, melting, or flaming if these
4



conditions are not met. The determination of the range of
conditions at which polyurethane foam smolders, and the
development of an appropriate ignition method was a difficult and
frustrating task that took a considerable amount of time to be
resolved. Finally a reliable ignition system based on an
electrically-heated Nichrome wire sandwiched in two layers of
porous ceramic was developed. This development led to a very
active and vigorous ground-based experimental program on the
smoldering characteristics of polyurethane foam.

II.2.2.1 Natural Convection

A series of experiments in normal gravity for downward and
upward, natural-convection smoldering of polyurethane foam was
completed first [7]. The experiments showed that for the foam
used, buoyancy influences the smolder reaction only for fuel
helghts of around 5 cm or smaller. For larger foam helghts,
normal-gravity buoyancy can not overcome the friction losses in
the sample interior and generate convective flows, unless a
chimney effect is created by the hot char left by the propagating
smolder reaction or by external means (a duct located on top of
the fuel, for example). Under these conditions the smolder
velocity for both upward and downward smolder are similar. These
results indicate that the air contained in the foam pores may be
sufficient to sustain smolder. This result could be of particular
importance if smoldering were to occur in a spacecraft, since
microgravity provides an insulating environment and the heat from
the smolder reaction, not being convectively removed, could lead
to an enhancement of the smolder reaction, or even to the
transition to flaming.

II.2.2.2 Forced Flow

The above experiments were followed by another series of
experiments of forced flow smoldering, opposed and forward, [8]
In addition to providing information about the smolder process in
forced flows, the experiments had the objective of determining
the range of flow velocities at which buoyancy has a significant
role in the smolder process. This was accomplished by comparing
the results for upward and downward smoldering. Measurements
conducted in these experiments included the smolder propagation
velocity and reaction zone temperature as a function of the air
flow velocity, the 1location of the smolder front along the
sample, and the direction of smolder propagation (downward and
upward) .

The experimental results showed that there are some common
characteristics to all the smolder configurations tested. All the
experiments showed that three zones with distinct smolder
characteristics can be identified along the foam sample. An
initial zone near the igniter where the smolder process is
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jnfluenced by heat transfer from the igniter, an intermediate
zone where smolder is self-sustained and free from external
effects, and a third zone near the sample end that is strongly
affected by convective currents. The smolder reaction propagation
velocity and temperature generally have a direct correspondence
and vary in each one of these three zones. The analysis of these
variations confirmed that the smolder process is controlled by
the competition between the supply of oxidizer to the reaction
zone and the loss of heat from the reaction zone. However, the
variation of the smolder velocity and temperature with the forced
flow is quantitatively different for opposed and forward
smoldering due to the different effect that the flow direction of
the oxidizer and post-combustion gases have in each case.

opposed Smoldering [8]: The variation with the opposed, forced
air flow of the smolder propagation velocity and temperature
shows that both parameters reach a maximum at flow velocities of
approximately 2.5 mm/sec. At low flow velocities, oxygen
depletion is the dominant factor controlling the smolder
process, and the smolder velocity and temperatures are small.
Increasing the flow velocity strengthens the smolder reaction due
to the addition of oxidizer, which results in larger smolder
velocities and temperatures. At even larger flow velocities
convective cooling becomes dominant causing the weakening and
final extinction of the smolder reaction. These competing
mechanisms play a very important role in the end region of the
sample where buoyancy-generated currents result in the strong
enhancement of the reaction or in its extinction, depending on
whether oxygen supply or convective cooling is the controlling
smolder mechanism. Comparison between downward and upward
smoldering indicates that gravity influences the smolder
combustion of this type of foam for forced flow velocities
smaller than 3 mm/sec, and sample sizes smaller than 50 mm.

Forward Smoldering [9]: The results of the dependence on the
forced flow velocity of the smolder propagation velocity and
temperature shows that in this case the smolder velocity always
increases and the temperature decreases with the air flow rate,
regardless of the sample location. These trends are the result of
the hot post-combustion gases being convected ahead of the
smolder front. Although they preheat the virgin material favoring
the propagation of the reaction, they also dilute the oxidizer
ahead of the reaction weakening it and reducing its temperature.
For upward smoldering, transition to flaming was observed to
occur in the char at the zone closer to the sample end and for
air velocities of 15 mm/sec or larger. Comparison between upward
and downward smoldering also showed that the effect of gravity
takes place for air flow rates smaller than 3 mm/sec.

The differences observed between the opposed and forward
smolder measurements can be explained by the differences in each
case between the flow direction of the oxidizer and post-combus-
tion gases. In the former case, the cold oxidizer flows opposite
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to the smolder reaction propagation, and as the air velocity is
increased at 1low flow velocities, the addition of oxidizer
dominates the convective cooling and enhances the smolder
reaction. At larger air velocities, however, convective cooling
becomes dominant and the smolder velocity decreases as the air
velocity is increased. In forward smoldering the oxidizer flows
in the same direction as that of smolder propagation, and the hot
post-combustion gases are convected to the virgin fuel ahead of
the smolder front. The preheating of the virgin fuel results in
an increase in the smolder velocity as the air flow rate is
increased, even though the smolder temperature remains constant,
or even decreases, due to the dilution of oxidizer by the
post-combustion gases. Furthermore, the fresh oxidizer flows
through the hot char, and since the char still contains a large
amount of unburnt fuel secondary reaction may occur in the char,
which under certain flow conditions can result in transition to
flaming.

II.2.2.3 Micro-gravity smoldering

A series of smolder experiments were conducted at the NASA
LeRC 2.2-seconds Drop Tower to observe trends in the ignition
characteristics of the foam, and to attempt to infer how
smoldering will behave in microgravity [10,12]. The parameter
analyzed was the smolder reaction temperature. variation with
time, because the temperature itself, or the smolder velocity, do
not change enough in 2.2 seconds to observe significant dif-
ferences. The results for the temperature gradient variation with
the flow velocity indicate that microgravity favors the
initiation of smoldering, and that the upper range of flow veloc-
ities at which buoyancy plays a significant role on smoldering is
around 2mm/sec, in approximate agreement with the normal gravity
experiment.

A series of opposed flow smoldering experiments were also
conducted in the KC-135 aircraft (30 secs of micro-g for up to 40
parabolas) to observe the effects of the variation of the gravity
on the smolder process [11]. Although the microgravity period
was too short to study steady smoldering in micro-gravity, the
tests provided initial information about the process and permit-
ted the observation of smolder trends as the gravity changes. The
tests also complement the Drop Tower tests summarized above. The
results show that buoyancy affects both the species transport and
transfer of heat to and from the reaction zone. At the reaction
zone, the former is dominant, which results in a decrease of the
smolder temperature in microgravity. Away from the reaction 2zone
the latter is dominant and the temperature increases due to the
lack of convective cooling. All these effects are less noticeable
as the flow velocity is increased, and as the reaction propagates
toward the sample interior confirming that buoyancy is important
at low flow velocities and near the sample ends. Another series
of parabolic flight experiments have been conducted recently but
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the results have not been analyzed with enough detail to report
then at this time.

Finally, the information obtained from the ground experi-
ments on the smoldering of polyurethane foam was used to design a
small-scale experiment that was carried out in the USML-1/STS-50
mission of the Space Shuttle Columbia in June 1992. The size of
the fuel specimen (a cylinder 5cm in diameter and 10 cm long)
was determined by the constrains of the Glove-box where the
experiments were conducted. Four tests were planned, two in
still air and another two with a low-velocity air flowing around
the sample. Two igniter configurations were designed, one with
the igniter on the cylinder axis and the other with the igniter
at one end of the cylinder.
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Forced Cocurrent Smoldering Combustion

SUDIP S. DOSANJH, PATRICK J. PAGNI, and A. CARLOS FERNANDEZ-PELLO

Mechanical Engineering Depariment, University of California, Berkeley, CA 94720

An analytic model of the propagation of smoldering combustion through a very porous solid fuel is presented. Here
smoldering is initiated at the top of a long. radially insulated, uniform fuel cylinder. so that the smoider wave
propagates downward. opposing an upward forced flow of oxidizer. Because the solid fuel and the gaseous oxidizer
enter the reaction zone from the same direction, this configuration is referred to as cocurrent (or premixed-flame-
like). It is assumed that the propagation of the smolder wave is one-dimensional and steady in a frame of reference
moving with the wave. Buoyancy is included and shown to be negligible in the proposed application of a smoldering
combustion experiment for use on the Space Shuttle. Radiation heat transfer is incorporated using the diffusion
approximation and smoldering combustion is modeled by a finite rate, one-step reaction mechanism. Because the
solid and the gas move at different velocities., both the downstream temperature, 7, and the smolder velocity, v, are
eigenvalues. The dimensioniess equations are véry similar to those governing the propagation of a laminar premixed
flame. A straightforward extension of the activation energy asymptotics analysis presented by Williams for premixed
flames yields an expression for a dimensionless eigenvalue determining 7. A global energy balance provides a
relation for the smolder velocity, v. Predictions are compared with the experimental findings of Rogers and
Ohlemiller and with the numerical results of Ohlemiller, Bellan, and Rogers. Key results include (1) for a given solid
fuel, T; depends only on the initial oxygen mass flux, 77, and increases logarithmically with m 7, (2) v increases
linearly with 71 7 and at fixed 17, increasing the initial oxygen mass fraction, Y., increases v: (3) steady smolder
propagation is possible only for Y, 2 c(7, - T)/Q, with extinction occurring when all of the energy released in
the reaction zone is used to heat the incoming gas. General explicit expressions for T; and v are presented.

1. INTRODUCTION

Smoldering is defined as combustion without
flame. The primary source of heat release is the
heterogeneous oxidation of the solid [1]. This
process occurs in several steps [2]. Oxygen
diffuses to the surface of the solid where it is
adsorbed. A highly exothermic reaction ensues on
the surface. After the products of combustion
(primarily CO,, H,0, and CO) are desorbed, they
diffuse away from the surface. Many materials can
sustain smoldering combustion. These include
coal, cotton, dusts, paper, polyurethane foams,
thermal insulation materials, and wood. If the
material is sufficiently permeable, smoldering can
occur well within the host. A self-supporting
exothermic reaction zone can pass through the
substance [1]. Oxygen reaches the reaction zone
Copyright © 1987 by The Combustion Institute

Published by Elsevier Science Publishing Co.. Inc.
52 Vanderbilt Avenue. New York. NY 10017

by convection and diffusion. However, such a
scenario is not valid for all porous materials. Upon
being heated, some substances decompose into a
*‘liquid’” tar [3], restricting the flow of air and
consequently inhibiting the propagation of such a
smolder wave. Smoldering combustion can be
prevented in some materials by adding sulfur [4,
5l.

A schematic of the problem under consideration
and the coordinate system used is shown in Fig. 1.
A porous combustible solid with density p,,
temperature 7;, and void volume fraction ¢ is
contained in a vertical cylinder. A gaseous oxi-
dizer with an oxygen concentration Y, a density
p4i» and an inlet velocity u; flows upward through
the solid. In the Appendix, buoyancy is shown to
be negligible in the proposed application of a
smoldering combustion experiment for use on the

0010-2180:87 S03.50
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Fig. . Cocurrent smoldering combustion viewed in a frame of
reference moving with the smolder wave.

Space Shuttle. A planar ignition source is used to
initiate smoldering at the top of the solid. The
smolder wave propagates downward opposing the
upward flow of oxidizer. Because the oxidizer and
the fuel enter the reaction zone from the same
direction, this configuration is often referred to as
cocurrent or premixed-flame-like. While all of the
oxygen is consumed in the reaction zone, a
considerable amount of solid remains [1]. The heat
released in the reaction zone is transferred up-
stream, by conduction and radiation, providing the
energy required to preheat the solid.

Some of the ecarliest work in the field of
smoldering combustion was conducted by Palmer
(6], who measured the rate of smolder spread in
dust trains and heaps. Recently, several research-
ers have modeled smoldering combustion propa-
gation. Smolder spread in horizontal, cylindrical,
cellulose [7], and polyurethane (8] fuel elements
has been examined. Leisch et al. [9] investigated
smoldering combustion in horizontal dust layers.
Kinbara et al. [10] studied the downward spread of
smoldering through various cellulosic materials.
Muramatsu et al. {11] scrutinized the evaporation-
pyrolysis processes inside a smoldering cigarette.
Kansa et al. [12] considered wood pyrolysis. The
present study is intended to complement the earlier
work of Ohlemiller et al. [13], who developed a
large computer code to investigate unsteady smol-

SUDIP S. DOSANJH ET AL.

TABLE1
Typical Smolder Characteristics [14]

Quantity of [nterest Magnitude
Smolder velocity, v 0(0.01 cmv/s)
Initial gas velocity, u; O(0.1 cnvs)

Peak temperature, T, 350-500°C
Smolder wave thickness 2-3cm

Inverse equivalence ratio, r,, 0(0.03)

Solid mass flux, m 0(0.0004 g/cm? s5)
Gas mass flux, m 0(0.0001 g/cm® s)
Solid mass fraction, e, 0(0.8)

Gas mass fraction, ¢, 0(0.2)

der propagation in flexible polyurethane foams.
Because their method required expensive finite-
element calculations, Ohlemiller et al. concluded
that a primary use of their model was to study the
initiation of smoldering combustion.

A primary goal of this study is to use activation
energy asymptotics to conduct a parametric inves-
tigation of cocurrent smoldering combustion. The
dimensionless equations are very similar to those
governing the propagation of a laminar premixed
flame. A straightforward extension of the pre-
mixed flame analysis presented by Williams [2]
yields an expression for a dimensionless eigen-
value, A, providing a relationship between the
initial oxygen mass flux, m; = Y,ép,u;, and the
final temperature, 7;. A global energy balance
determines the smolder velocity, v. Both v and T,
are highly dependent on m . This is due to the
oxygen limited nature of cocurrent smoldering
combustion. That is, all of the incoming oxygen is
usually consumed and the total energy available is
proportional to m . Theoretical predictions are
compared with the experimental findings of Rog-
ers and Ohlemiller [14] and with the calculations
of Ohlemiller et al. [13].

2. ANALYSIS

2.1. Governing Equations

Typical values of several key smolder characteris-
tics, including the smolder velocity, v, and the
peak temperature, Ty, are given in Table I. Many
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fuels of interest are very porous, and conse-
quently, conduction is a relatively poor mode of
heat transfer {13). Thus, radiation heat transfer is
often important despite the relatively low tempera-
tures encountered in smoldering combustion—
peak temperatures are usually between 350 and
500° C [14). Electron microscope photographs of
two solid fuels, a GM-25 polyurethane foam and a
packed bed of alpha-cellulose, are shown in Figs.
2A and 2B, respectively. Both of these materials
have been used in recent experimental investiga-
tions 3, 7, 8, 14, 16] of smoldering combustion.
While radiation is important in polyurethane
foams, it is approximately negligible in tightly
packed beds of alpha-cellulose. In the following
analysis, radiation heat transfer is incorporated
using a diffusion approximation.

Smoldering is modeled as a finite rate, one-step
reaction,

I g(Unburned Solid) + 7,0,
—n,(Ash) + ng(Gaseous Products) + Qn,, (1)

where the 7 values are stoichiometric coefficients
(grams/gram of unburned solid). Ohlemiller and
Lucca [15] reported that such a model adequately
described the cocurrent smoldering of cellulosic
insulation materials. Ohlemiller et al. [13] mod-
eled the smoldering combustion of a polyurethane
foam by using two global reactions. However,
since the second reaction (oxidation) was much
faster than the first reaction (pyrolysis), their two-
step reaction mechanism can be well approximated
by Eq. (1). The following asymptotic analysis can
be modified to include a nonoxidative pyrolysis
reaction. Because the amount of energy consumed
by pyrolysis is much smaller than the amount
released in the reaction zone, for steady smolder,
such a reaction will only have a small effect on the
temperature profiles.

Additionally, the solid phase is considered
continuous with a constant void volume fraction,
Cocurrent smoldering is assumed to be one-
dimensional and steady in a frame of reference
fixed on the smolder wave. Fick's law is used to
model the diffusion of oxygen and the quantity
gD is assumed constant. The gas and the solid are
presumed to be in local thermal equilibrium.

Energy transport due to concentration gradients,
energy dissipated by viscosity, work done by body
forces, and the kinetic energy of the gas phase
have been ignored.

In a frame of reference moving with the smolder
wave, m’ = (1 - ¢)p,v. Since the smolder
velocity is usually at least an order of magmtudc
smaller than the gas phase velocity [13 14], m s
= ¢pgu. This assumption allows 717 to be treated
as a known quantity. The conservation of mass
requires that m* (=" + m”) remain constant.
Mass flux fractions are defined by

m; m;
€ =—", €E=—", (23.2b)
m m .
_Yum/! ,
€us = " ’ ( )
1 dy,
€= ;'—' ¢ Yop‘u - ¢0‘D dx . (4)

Symbols are defined in the nomenclature. Equa-
tion.(1) gives

de,s 1 de, 1 de 1 de,

dx nydx (l-n)dx (ng-ny dx
(5)

Species conservation for oxygen requires

de,

e af (6)

dx m

and integrating the conservation of energy gives
aT .
M ceq(T—-T)— (ke + Krag) i Om” (&0 — €.

N

where Eq. (6) has been used to eliminate the
reaction rate from Eq. (7). The effective thermal
conductivity, k.y = ¢k, + (I - @)k, accounts
for heat transfer due to conduction in both gas and
solid phases. Radiation heat transfer is incorpo-
rated using a temperature dependent conductivity
(15, 17), kg = 1606/, T3/3. The effective heat
capacily, Car = €C; + €, is taken as constant.

The reaction rate, 77, is assumed to depend on
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Fig. ZA. Electron microscope photograph of a polyurethane foam.

the oxygen mass fraction, the solid fuel present,
and the temperature in an Arrhenius form,

FT =Z(Yopg))(Yusp,)?TCe™ /8T, ®)

where a, b, and ¢ are constants. The conservation
of momentum, which is discussed in the Appen-
dix, and the ideal gas equation of state, P =
pgRT, complete the preceding set of equations.
Because pressure variations are small [1], the
transport equations can be solved without consid-
ering the momentum equation. Properties of a
polyurethane foam and an alpha-cellulose packing
are given in Table II.

The following boundary conditions are imposed
on Egs. (4)-(6): as x = —, ¢, — ¢, a5 X —
+®,¢ 0, ¥, ~ 0,and T - T;. Two boundary
conditions are imposed on Eq. (4). The second
boundary condition, which requires that all of the
incoming oxygen be consumed, will determine T;.

Setting T = Ty, ¢, = 0,and d7/dx = 0in Eq. (7)
gives

v= Qm; _ ¢pg:ui
(A =)pucea(Te—~T) (1-d)pg

%

After solving for T;, Eq. (9) will be used to
determine v.

2.2. Dimensionless Governing Equations

A characteristic distance, x. = k.q/m" Cir, is
chosen by balancing convection and diffusion in
the energy equation, thus eliminating one dimen-
sionless parameter. Typically, ks ~ 0.05 W/m
K, m* ~ 0.005 kg/m? s, and c.¢ ~ 1 ki/kg K,
giving x. ~ 0.0l m. Because the definition of x,
does not account for radiation, x. is somewhat
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Fig. 2B. Electron microscope photograph of alpha-cellulose.

TABLE I

Typical Properties of a Polyurethane Foam and a Packed Bed
of Alpha-Cellulose

Polyurethane” Alpha-Cellulose®

® 0.97 0.82
2., [kg/m?] 1150 620
¢, [W/(kg K)] 1.7 0.84
ke [WmK] 0.047 0.050
kol T) (W/m K] 0.005 -0
E {kJ/mol} 155 (140)¢ 180
Q [kJ/kg] 12,300 (7,600) 12,500
4 109°m¥kgs 3 x 10°m'Y/kg® K%s
a 1 0.5

b 1 1

c 0 0.5
ny/n, 3.7 1.4

< Properties given in Ref. [13] are shown in parentheses
whenever they are different from the value listed above.

® From Refs. {7, 16].

¢ Shown in the parentheses is the activation energy for the
first reaction in the two-step model in Ref. [13].

smaller than the smolder wave thickness given in
Table I. Since all of the oxygen is consumed. the
oxygen mass flux and the oxygen mass fraction are
normalized by their initial values (that is. €, = ¢,/
¢ and ¥, = Y,/Y,). A dimensionless tempera-
ture is definedby ' = (T — T)/T., where T.isa
characteristic temperature. Setting 7. = T, makes
7 an O(1) quantity—see Table I.

The dimensionless parameters governing cocur-
rent smoldering are listed in Table III. Parameter
ranges given in Table III were estimated from the
properties tabulated in Table [. Note that the
asymptotic analysis is only valid when the
Zeldovich number, 8 = 8’ T/(1 + TH:. is large
(8 > 10) [2], roughly corresponding to 3° > 50.
The dimensionless radiation conductivity. Vg. is
artificially low because it is based on T, rather than
T;. A critical value of the dimensionless heat
release, D., below which solutions cease to exist,
will be identified. -

Dividing Egs. (4) and (6) by Eq. (7) eliminates
the spatial coordinate, X. In terms of the new
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Table 111

Dimensioniess Parameters Governing Forced Cocurrent Smoldering Combustion (in Addition to the Following Parameters, 7. a,
b, and ¢ Must Be Specified)

D‘=QYo- —
Cend,
kT,
Le=
00, DQY,,
1644, 7
2T ke
P,= [58—1] Y.
n,
, E
8 =T
A= n,Z(RKen)'*%,°T2><*0(l +a)

m HEQ) ~*($D)*

Dimensionless measure of the energy released in

" the reaction zone (varies from 0 to 40)

Modified Lewis number (varies from 0.05 to in-
finity)

Dimensionless radiation conductivity (usually less
than 0.1)

Measures the amount of gas produced in the reac-
tion zone (varies between 0.1 and 1.0)

Dimensioniess activation energy (varies berween
50 and 70)

Dimensionless preexponential factor (usually lies
between 104 and 10')

coordmaiteiT the governing equations are

T-T(l1-¢,) dé, _ (10)

I+ N1+ Ty aT  ©

and

__T-Ta-& 4y,

Le T¢[1 + N:(1 +1)3) at
=[1+Py(1-&)] Y- 6.

(1
The dimensionless reaction rate is given by
Ww=AY 1 —r (1 —&))2(T+ 1)~

8 (T-T) }

X exp{-m (12)

_ A’ '+t { 8’ }
AT Pl T+TS (13)

In terms of T, the boundary conditions are &, — 1
asT -0 — -=);§, +0and ¥, = 0as T —
T: (¢ = + ). After solving Eqs. (10) and (11),

the spatial coordinate, £(7), is determined by

1+Ng(1+T)? d_T_
T-T(l-¢&) a¢

Equation (9) gives a relationship between a
dimensionless smolder velocity, i = v/v., and the
dimensionless final temperature, T; = (77 — T))/
T:

I 1

=g —— (15)
r Dc

(14)

A characteristic smolder velocity, v. = Qm /(1
— ¢)puCenT:, is chosen by balancing the energy
released in the reaction zonme and the energy
required to preheat the solid, thus eliminating one
parameter from the above equation.

3. ACTIVATION ENERGY ASYMPTOTICS

Typical values of the Zeldovich number, 8.
encountered in smoldering combustion are fairly
large. From the argument of the exponential in Eq.
{12), the reaction rate is significant only when | -
B-' < T/T; < 1, corresponding 1o the (inner)
Region II in Fig. 1. The outer region consists of
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the point T = 7;, Region I in Fig. 1, and Region
MinFig. 1,0 < T/7; < 1 = 8-!, In the outer
regions, the reaction rate is negligible and diffu-
sion is balanced by convection. Because the inner
region is very thin, diffusion dominates convec-
tion, and consequently, the source terms in the
governing equations are balanced by diffusion.
In Region I, w ~ O and Eq. (10) yields ¢, = 1.
Substituting €, = 1 into Eq. (11) and integrating
once gives
7,=1 Le T; f“
[ el expy — f rt
X [1+Np(1+1)3] dt] . (16)

Note that the integral in the above equation
diverges at T — 0. Therefore, ¥, = 1 as T — 0.
A stretched variable is defined, ¢ = 8(1 - T/71,).
Expanding ¥, and ¢, in terms of 1/8 gives ¥, =
(1/8)¥,' + O(1/8% and & = 6 + O(1/8),
respectively. Matching conditions are: £,° = | as
§ = +»;, &%~ 0and ¥,' ~ 0as ¢ — 0.

In the inner region, Eqs. (10)~(13) yield (to
leading order) '

€0 déy0
1 +Ng(l + Tf)3 de
A
=g (P —rg(l-g%¢ )
and
1
dd? =Le Ti[1+Nx(1 + T9)?). (18)

Integrating Eq. (18), substituting the resulting
expression into Eq. (17), applying the matching
conditions, and integrating once yield

~ B1*¢f(b, r.)
A-Le" Tl + N (1 + 1o+ rdl+a)’ s

where
1 t dt

0.0 os 1.0
INVERSE EQUIVALENCE RATIO, Tea

Fig. 3. The function f(b, 7w) plotted versus the inverse
equivalence ratio, r,,, for various values of b.

Because the oxygen consumption of a typical
smolder wave is only a few percent of that
required for stoichiometric burning, the inverse
equivalence ratio, 7, is fairly small (13, 15]. As
shown in Fig. 3, f(b, r) = 1/2 in the limit Foq =
0.

4. GENERAL SOLUTION
4.1. Fields

Because all of the incoming oxygen is consumed in
the reaction zone, the total heat release is propor-
tional to the initial oxygen mass flux, ri7 7. Both the
smolder velocity, v, and the final temperawre, T},
are highly dependent on 72 ;. Since T; appears in
Egs. (10)-(12), (14), varying m_ affects the
dimensionless oxygen mass fraction, ¥,(7"), the
dimensionless oxygen mass flux, &,(7). and the
dimensionless distance, (7). These profiles de-
pendon Le, Ny, reg, B, &, @, b, and c. Since r is
usually small, the various profiles are weakly
dependent on 7, and b. Results presented in this
section are for the limit 7, — 0, and consequently,
the solutions are independent of both 7., and b.
When ¢, is plotted as a function of normalized
temperature, T/ 7, the resulting curves depend on
only two parameters, the Zeldovich number 8 =
8’T/(1 + T)? and the constant a. As evidenced
by Fig. 4, the incoming oxygen is consumed in a
narrower region as 8 is increased. Also plotted in
Fig. 4 is ¥, versus 7/7;, parameterized in Le. for
Ny =01,A=10°a=1,and c = 0. The
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Fig. 4. Dimensionless oxygen mass fraction, ¥, = Y,/Y,,
versus normalized temperawre, T/T,, with My = 0.1, 8’ =
60, A = 10", a = 1,c =0, and r, = 0. Also plotted is the
dimensionless oxygen mass flux. €, = &/¢,, versus T/ 7. fora
= 1 and 7, = 0. The dimensioniess parameters are defined in
Table II.

modified Lewis number, Le, measures the thermal
thickness relative to oxygen diffusion thickness.
The preceding analysis is valid when the diffusion
thickness is much larger than the thickness of the
reaction zone, roughly corresponding to Le < 8.
When Le ~ 3, the dimensionless oxygen mass
fraction is O(1) in the reaction zone and smolder-
ing is kinetically controlled [18]. For polyure-
thane, with 4; = 0.2 cm/s and P, = | atm, the
criterion for diffusion controlled smoldering is Y

SUDIP S. DOSANJH ET AL.

» 0.02. For a packed bed of alpha-cellulose, the
criterion is Y,; » 0.01.

After ascertaining the dependence of ¢, on T,
Eq. (14) can be used to determine T as a function
of dimensionless distance, £. Typical temperature
profiles, parameterized in Ny and 8’, for A =
10°, a = 1, and ¢ = 0, are shown in Fig. 5.
Raising the dimensionless radiation conductivity,
Nz, decreases the final temperature and increases
the thermal thickness of smolder zone. On the
other hand, increasing 3 leads to greater final
temperatures. Note that &(®) and ¥(£) can be
constructed by combining Figs. 4 and 5. Results
from such a calculation are shown in Fig. 6.

4.2. Final Temperature and Smolder Velocity

A key result of this analysis is T(Ng, 8', &, g, ¢).
In the limit r; — 0, Eqgs. (19) and (20) give

K[l +Np(1+ Tr)JIH“(] + Tf)“""z

X e-ﬂ"“*fr’%. 1

A plotof T, = (T; — T)/T, versus A, parameter-
ized in the dimensionless activation energy, 3°,
and the dimensionless radiation conductivity, Ny,
fora = 1 and ¢ = 0, is shown in Fig. 7. As the

—— Ny = 0.9
—-u.su

DIMENSIONLESS TEMPERATURE, (T - TY/T,

DIMENSIONLESS DISTANCE. X M” Con/Ken

Fig. 5. Dimensionless temperature, T = (T - T)/T., versus dimensionless distance, ¥ =
XM Coplkey, with & = 10%, 2'= 1, c = 0,andrq = 0.
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Fig. 7. Dimensioness final temperawre, T, = (T — T)/T,
versus the dimensionless preexponentiai factor, A, witha = 1,
c=0,andrg = 0.

reaction rate is increased, by either raising the
preexponential, A, or lowering the activation
energy, 8, T; decreases and the smolder velocity,
&, which is inversely proportional to Ty, increases.
That is, the material burns faster when the reaction
rate is higher.

For a given fuel, T, decreases logarithmically
with A. Therefore, T; increases logarithmically
with the initial oxygen mass flux, m, 7, as shown in
Fig. 8. Also indicated are measurements by
Rogers and Ohlemiller [14] and calculations by

1Y) 02 030405 180
OXYGEN MASS FLUK, "y, (10°* g/em? o)

" FINAL TEMPERATURE, T, (‘'C)

Fig. 8. Downstream temperatures in polyurethane predicted
by the present analytic model, for the properties listed in Table
I (—) and those given by Ohlemiller et al (---), measured by
Rogers and Ohlemiller, and calculated by Ohlemuller et al.
(O). Measurements are for the following conditions: u, =
0.04cm/s. Yo = 023 (+), and Y = 0.44 (L) 4, = 0.15
cm/s, Yo = 0.44 (x). Also shown in the figure are predictions
for cellulose ().

Ohlemiller et al. [13] for polyurethane. Ohlemiller
et al. attributed the discrepancy between their
predictions and experiments to uncertainty in the
base parameter set (sec Table II). When their
parameters are used in this model, as shown by the
dot-dash line in Fig. 8, predicted values of 7 are
close to those calculated by Ohlemiller et al.
Results from this study indicate that the parame-
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ters in Table II are a better choice, for they give
much closer agreement between predictions (solid
line) and measurements. The dashed line in Fig. 8
gives the final temperature for alpha-cellulose.

As shown in Eq. (15), the dimensionless smol-
der velocity depends only on D, and T;. The
dimensionless parameter, D, which measures the
total energy released in the reaction zone relative
to the amount of energy required to raise the
temperature of the gas from 7, to T, contains the
experimentally observed dependence of v on Y.
For a given fuel and a fixed initial oxygen mass
flux, m], increasing Y, raises D, leading to
higher smolder velocities. This dependence of i on
D. is fairly weak except near extinction. For Y
near 0.23, D, is on the order of 10 and therefore,
as a first approximation, § ~ 1/7;. Because T
varies slowly with m 7, v is approximately propor-
tional to m; (recall that v. ~ m 7). Figure 9
illustrates the dependence of i on A for polyure-
thane. Overall, there is good agreement between
the smolder velocities predicted by this model and
those measured by Rogers and Ohlemiller [14].

Extinction occurs when v = 0, corresponding to
7, = D.. That is, extinction occurs when all of the
energy released is used to heat the incoming gas.
Steady smoldering combustion is possible only
when Y, = c.o(Ty — T))/Q. For polyurethane,
with 4; = 0.2 cnv/s and P, = 1 atm, this criterion
requires that Y,; = 0.05. Note that the presence of
heat losses from the sides of the cylinder will raise
this critical value of Y.

5. CONCLUSIONS

An analytical model of cocurrent (premixed-
flame-like) smoldering combustion has been de-
veloped. Smoldering was assumed to be one-
dimensional and steady in a frame of reference
fixed on the smolder front. Radiation heat transfer
was incorporated using a diffusion approximation
and smoldering was modeled using a one-step
reaction mechanism.

Key results include (1) for a given fuel, the final
temperature depends only on the initial oxygen
mass flux, m}, increasing logarithmically with
m>; (2) the smolder velocity, v, is linearly
dependent on /1 ; and at fixed /m 7, increases with

SUDIP S. DOSANJH ET AL.
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Fig. 9. Dimensionless smolder velocity, § + [/D., versus the
dimensionless preexponential, A, for polyurethane. Smolder
velocities predicted by the present analytic model (—). mea-
sured by Rogers and Ohlemiller (4), and calculated by
Ohlemiller et al. ( +) are shown.

initial oxygen mass fraction, Y, and (3) steady
smolder propagation is possible only for Y, =
ca(Ty — T)/Q, with extinction occurring when
all of the energy released in the reaction zone is
used to heat the incoming gas.

The preceding analysis can be modified to allow
for several second-order effects. Heat losses from
the sides of the cylinder will affect the extinction
criterion, increasing the critical value of Y, below
which steady solutions cease to exist. When
properties are allowed to vary, the equations
determining v and T; will still be valid, with the
properties appearing in these equations evaluated
at T; [2]. As discussed earlier, a nonoxidative
pyrolysis reaction can aiso be included in the
analysis. However, for steady smolder, the pres-
ence of such a reaction will only have a small
effect on the temperature profiles.

APPENDIX: INFLUENCE OF BUOYANCY

Because the temperature field and hence the
buoyancy varies as the smolder wave spreads. ¥,
may not be known a priori. The quasi-steady
conservation of momentum for this system is

dpP
® == ~ pagt + &(pgi—py)8.
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Integrating Eq. (22) yields

) |
[ pawdc=oaP+s |  stog-ppdr

r-L A
23

where A is the length of Region I in Fig. 1, L is the
total length of Regions I-1II, and AP = P, - P;is
the pressure drop across the solid, excluding
changes in hydrostatic pressure. While the flow
resistance, dy, is lower in the char layer, the gas
velocity, 4, is higher. Therefore, it is assumed that
the quantity a,u remains approximately constant at
aqu;. A step change in pg from pg 10 pgr OCCUTS at X
= 0. The initial velocity is then approximated as

LN ogpuhTe
gl wall(+To°

29

Buoyancy can be neglected when gogh/ AP < (1.

+ Tf)/Tf At STP, Py ~ 1 kg/l'ﬂ3 and 1} -~ 1,s0
that at sea level, with g = 9.8 m/s?, AP/h » 5
Pa/m suffices while in orbit; with g ~ 10~? m/s?,
AP/A » 5 x 10-¢ Pa/m will suffice. On the
other hand, for polyurethane, buoyancy is negligi-
ble if the forced u; » 4 X 10~* m/s at sea level
and if 4, » 4 x 10~% m/s in orbit. When AP/
gouh <« T/ (1 + 19, u; ~ 8pg- Since the smolder
velocity is proportional to the oxygen mass flux, v
~ Yooglhi ~ ngp:i. This result agrees with the
experimental finding [16] that v is proportional to
P? for buoyarcy driven systems.

This work was supported by the National
Aeronautics and Space Administration Lewis
Research Center under Grant No. NAG-3-443.

NOMENCLATURE

a; Darcy coefficient

¢ heat capacity

c.q cffective heat capacity, ¢, + €Cy

D  mass diffusivity of oxygen in air

D. dimensionless energy release per mass of
02! QYOI/ Cett 1.1

g  gravitational acceleration

h  distance over which buoyancy acts

k.s conductivity due to conduction, ¢k, + (1 -
®)k;

k. conductivity due to radiation, 1601, T%/3

{,  radiation path length

L height of the solid fuel

Le modified Lewls number (see Table [I)

* mass flux

" dimensionless radiation conductivity, (sce
Table IIT)
stoichiometric coefficients
pressure
dimensionless gas production parameter (see
Tablel
energy released per mass of O, consumed
reaction rate
inverse equivalence ratio, €/ Mofusi
temperature
mass averaged velocity of the gas phase
smolder velocity
mass fraction
spatial coordinate .
preexponential factor in the reaction rate
Zeldovich number, E(T; — T)/RT?}
dimensionless activation energy, E/RT,
dimensionless eigenvalue
dimensionless preexponential (see Table III)
mass flux fraction
dynamic viscosity
stretched coordinate, 8(1 — 7/T)
density
Stephan-Boltzmann constant
void volume/total volume

z3
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£
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characteristic

final value (x = + )
gas phase

gaseous products

initial value (x = =)
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solid phase

unburned solid

EWO"'%mMnN

REFERENCES

. Ohlemiller, T.J., Prog. Energy Combust. Sci. 11:277-
310 (1986).

2. Williams, F. A., Combustion Theory, nd Edition,
Benjamin/Cummings. Menlo Park, 198S.



142

Ne

Ohiemiller, T. J., andRongE JF'reFlammr

9:489-509 (1978).

Gann, R. G., Earl, W. L., Manka, M. J., and Miles. L
B., 18tk Symposium (International) on Combustion,
The Combustion Institute, Pittsburgh, 1981, p. 571.

McCaner, R., J. ConsumerProd Flamm. 4:346-358

aym. -

Paimer, K. N., Combust. Flame 1:129-153 (1957).
Moussa, N. A., Toong, T. Y., and Garris, C. A., I6th
Symposium (International) om Combustion, The
Combustion Institute. Piasburgh, 1976, p. 1447,
Ortiz-Molina. M. G., Toong, T. Y., Moussa, N. A.. and
Tesoro, G. C., Sevenreenth Symposium (Interna-
tional) on Combustion, The Combustion Insticute,
Pittsburgh, 1979, p. 1191.

Leisch, S. O.. Kauffman, C. W., and Sichel, M., 20th
Symposium (International) on Combustion, The
Combustion Institute, Pittsburgh, [984.

Kinbara, T., Endo, H., and Sega, S., /Ith Symposium
{International) on Combustion, The Combustion Insti-
tute, Pinsburgh, 1966, p. 525.

L

13.
4.

1s.

SUDIP S. DOSANJH ET AL.

Muramatsu, M., Umenwra. S.. and Okado, T., Com-
bust. Flame 36:245-262 (1979).

Kansa, E. J., Perice, H. E., and Chaiken, R. F.,
Combust. Flome 29:311-324 (1977).

Ohlemiller, T. J., Bellan, J., and Rogers, F. E.,
Combust. Flame 36:197-215 (1979).

Rogers, F. E., and Ohlemiller, T. J., J. Fire Flamm.
11:32-44 (1980).

Ohlemiller, T. J., and Lucca, D. A., Combust. Flame
54:131-147 (1983).

Dosanjh, S. S., Petersom, J., Fernandez-Pello, A. C.,
and Pagni, P. I., Acta Astronagutica IAF-85 Stockholm
Specw! Issue: Microgravity Materials and Fluid Sci-
ences, 1986.

Tong, T. W., and Tien, C. L., J. Thermal Insuiation
4:27-44 (1980).

Williams, F. A., I6th Symposium (International) on
Combustion, The. Combustion Institute, Pittsburgh,
1976, p. 1281. '

Rmived 30 April 1986; revised 10 December 1986



PAPER 2

"FORCED COUNTER-CURRENT SMOLDERING COMBUSTION"

Dosanjh, S. and Pagni, P.J.

1987 ASME-JSME Thermal Engineering Joint Conference,
Honolulu, Hawaii, March 1987.






VOLUME ONE

Combustion Phenomena

Heat and Mass Transfer in Compartment
Fires .

Heat Transfer in Turbulent Flows P roceed l n gS Of th e

Enhancement of Boiling and Condensation

Fundamentals of Drying

Fundamentals of Chemical Vapor 9 8 7 AS M E OJ SM E

Deposition

Ly

"hermal Engineering

Joint Conference

Honolulu, Hawaii
March 22-27, 1987

Editors
P. ]. MARTO - ASME

[. TANASAWA - |SME

THE JAPAN SOCIETY OF MECHANICAL ENGINEERS
SANSHIN HOKUSE!I BUILDING 4-9
YOYOG! 2-CHOME, SHIBUYA-KU

TOKYO, 151 JAPAN

THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS
UNITED ENGINEERING CENTER
345 EAST 47TH STREET
NEW YORK, NEW YORK 10017 U.S.A,







B el o2 DR RTEN AR K R IVEE

REPREE R Vo

ey = N an

¥
%’
{
i
1
t
e
{

FORCED COUNTERCURRENT SMOLDERING COMBUSTION
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ABSTRACT

A model of smoldering combustion propagation
through very porous solid fuels is presented. Here
snoldering is initiated at the bottom of a long,
radially infinite fuel bed, so that the smolder vave
propagates upvards, in the same direction as the forced
flov of oxidizer. Because the solid fuel and the
gaseous oxidizer enter the reaction zone from opposite
directions, this configuration is referred to as
countercurrent, diffusion-flame-like or reverse. The
proposed application is an experiment for use on the
Space Shuttle. Due to the microgravity environment, it
is assumed that the propagation of the smolder vave is
one-dimensional. Radiation heat transfer is
incorporated using a diffusion approximation and
smoldering ls represented utilizing a tvo-step
mechanism consisting of a pyrolysis reaction folloved
by a char oxidation reaction. An infinite reaction
rate approximation is used to wodel the oxidation
reaction zone and it is assumed pyrolysis occurs at a
knovn temperature, T,. Because the tvo reaction fronts
move at different velocities, countercurrent smolder
propagation is unsteady. Tvo cases are considered:

(1) no ash residue; and (2) an ash layer building belov
the smolder vave. The residual ash serves as
insulation and its presence leads to higher peak
temperatures. Explicit expressions are derived for the
char oxidation velocity, v, the maximum temperature,
Ta+ and the pyrolysis front veloeity, v,. Key results
include: (1) in the absence of radial geat losses, v
approaches a constant value vhich is different from v;
(2A) for the no residual ash case, in limit of long
time (t+®), T, is determined by balancing the energy
released in the oxidation region vith the energy
required to preheat the gas and the energy lost as
radiation; (2B) vhen an ash layer builds belov the
smolder vave, radiation losses are negligible in the
limit t+=, and T, is higher than in the no ash case;
and (3) self-sustained countercurrent smoldering
combustion is not possible vhen the energy convected by

the gas phase is insufficient to drive the pyrolysis
front.

NOMENCLATURE

ag Darcy coefficient

< heat capacity

D.o dimensionless energy release, QYo;/cgTy

DCp dimensionless pyrolysis energy, Qp/csti

h ash height

k thermal conductivity

kegg conductivity due to conduction, ékg+(1-é)kg

krag conductivity due to radiation, lée rT?/]

1 ratio of thermal conductivities, ko/kq¢g

£, radiation heat length

L distance betveen the oxidation zone and the
pyrolysis front

Le modified Levis number

mass flux

i molecular veight of species {

R dinensgonless radiation conductivity,
1602, T§/3kegs

P pressure

Q energy released per mass of 0; consumed .

Qg dimensionless external heat f%ux, qe/Q¥gymay

0P energy consumed per gram of unburnt soli.d“v

Qg dimensionless radiation losses, “Tf/QYoi‘gi

Sq dimensionless stoichiometric coefficient,
VaMa/ ]

S¢ d?-:n:¥:ngzss stoichiometric coefficient,

Vel / Wstys

temperature

mass averaged velocity of the gas phase

smolder velocity

dimensionless smolder velocity, w,gMys¥oiCs/VoMocy

spatisl coordinate

mass fraction

emissivity

stoichiometric coefficient

density

Stephan-Boltzmann constant

ratio of gas to solid response times,

PoiCa/{1-6)peiC

vgidsvolulo ,it:lll volume

AAQO MmN q<Cc~)

[
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Subsc:iﬁts
s as

g gas phase

gp  gasecus products

i initial velus (x=-°)
o oxygen

s solid phase

us unburnt solid

1.  INTRODUCTION

Smoldering, vhich is defined as cosbustion vithout
flame, can occur in many paterials, {ncluding coal
[1,2}, cotton [3,4), paper {5-71, polyurethane foans
(8], vood 19,10}, thermal insulation saterials [11] anc
various dusts {12,131, 1f the host saterial is
sufficiently permesble, 2 self-supporting exothersic
reaction zone can pass through the substance {14].
Oxygen reaches the reaction zone by convection and

diffusion. Hovever, some saterials decompose into &
"1iquid" tar [14] upon being heated, restricting the
flov of air and inhibiting the propagation of a smolder
vave through the material. Smoldering comsbustion can
be prevenlcd in some materials by adding sulfur (13}.

Schematics of the problems under consideration are
presented in Pigs. 1A and 1B. A gaseous oxidizer, vith
an oxygen concentration, Yoir and an inlet velocity,
vy, flovs upvard through a porous compustible medium
vhich has a void volume fraction, 6. The solid and gas
fractions begin wvith densities, Pgi and pgis ‘
respectively. At te0, both the solid and the gas are
at a uniform temperature, Tj. Smoldering is initiated
at the botto® of the material by applying an external
heat flux, q:, for OKt<tq. The saolder vave propagstes
upvards, in the same direction as the forced flov of
oxidizer. In 3 trame of reference moving vith the
smolder zone, the solid and the oxidizer enter the
reaction region from opposite directions.
Consequently, this configuration is referred to as
countercurrent or diffuston-flane-like. It is also
called forvard smolder since the reaction zone moves in
the oxidizer flov direction.

REGION & UNBURNT SOLID

v
P
t PYROLYSIS FRONT

AEGION Il: CHAR

-‘-—-l"‘-—*

v
1 CHAR OXIDATION FRONT

REGION IHi: AIR

‘ u, (AIR FLOW VELOCITY)

FIG 1A: Schematic of countercurrent smoldering
for Case I (no residual ash).
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REGION §: UNBURNT SOLID

v
P
* PYROLYSIS FRONT

REGION li: CHAR

v
t CHAR OXIDATION FRONT

REGION iit: RESIDUAL ASH

4———:‘—-’-4——.— ———rp)

REGION IV: AlIR

T u, (AIR FLOW VELQCITY)

PIG. 1B: Schesatic of countercurrent smoldering for
Case 11 (an ash layer building belov the smolder vave).

Relatively little attention has been given to
smoldering combustion in the countercurrent
configuration [14]. Ohlemiller and Luccs {16}
conducted an experimental investigation using
cellulosic insulation as & fuel. In s related study,
Summerfield et al [17] presented 8 one-dimensional
numerical model of smolder spread in s cigarette during
steady drav. Tvo resctions vere included, pyrolysis
and char oxidation. Because the vrapping paper burns
back, a significant smount of sir bypasses the hottest
part of the char oxidation region. Consequently,
cigarette smolder is more cosplicated than the
countercurrent smoldering scenarios depicted in Figs.
1A snd 1B. Vinslov {18] investigated countercurrent
propagation vithin the context of coal gasification in
the packed bed utilizing an unsteady, one-dimensional
model.. Different gas and solid temperatures vere used
and concentrations of eight chemicsl species, tvo forms
of vater (surface and interior), coal and char vere
calculated. Due to the complexity of these solutions,
{t is difficult to detersine vhich sechanisas dominate
the movement of the six reaction fronts.

A model of unsteady countercurrent ssoldering
combustion propsgation is presented in this study.
Saoldering cosbuation is tepresented vith a tvo-step
resction mechaniss consisting of & char oxidation
reaction and 8 pyrolysis reaction. An infinite
reaction rate spproximation 18 used to model the
oxidation reaction gone and it is assumed pyrolysis
occurs at & knovn temperature, T.. Because the tvo
reaction fronts move at differen velocities,
countercurrent smolder propagation is unsteady. Tvo
cases are considered: no ash residue (see Fig. 1),
vgae0, and an ash layer building belov the smolder
vave (see Fig. 1B), vaM 0. The residual ash serves as
insulation, leading to higher peak temperatures. The
range of validity of the solutions is identified and -
explicit expressions are derived, in the limit of long
time, for the char oxidation velocity, v, the pyrolysis
front velocity, Vp. and the maximum temperature, Ty.
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2. AMALYSIS

2.1 Assumptions
The scenacio deplcted in Pig. ! is not a realistic
representation of the countercurrent smoldering

combustion of all solid fuels. For some solids will
collapse dovnvards as the smolder vave propagates. In
this study, it is assumed that the solid remains .
stationary in a frame of reference fixed in the
laboratory. If the fuel consists of small, loosely
packed, 30lid particles, this assumption is only valid
in a microgravity environment. Smoldering combustion
is represented by a tvo-step reaction mechaniss.

Wyg(Unburnt Solid) « Qp“us"us’VcCh“
+Vgp1(Gas Products) (1)
and &P
vcChar + v,07(Gas Products) + vyAsh « QvoMy (2)

vhere Q, is the energy required to pyrolyse one gras of
unburnt solid and Q is the energy released per gram of
0y consumed. Char oxidation is modeled using an
infinite resction rate approximation. It is assumed
that the pyrolysis reaction occurs at a knovn
temperature, T,. This is a reasonable approximation
for many solids of interest [19-21}. Por alpha-
cellulose, p-300°C {19]. Alternatively, pyrolysis can
be modeled using Arrhenius-type kinetics {17,18,20].
Such an approach leads to numerical calculations and
requires the specification of kinetic constants vhose
values are sometimes ambiguous [19].

The char oxidation zone moves at a constant speed,
v, vhich is determined by the rate at vhich oxygen
reaches the reaction region, while the pyrolysis front
moves at a velocity, v,, vhich {s several times larger
than v. Because the pyrolysis reaction is endothermic
[14], motion of the pyrolysis front is highly dependent
on heat transfer from the oxidation zone, vhere the
energy required to sustain smoldering is released.
Energy is transferred to the pyrolysis zone by
conduction, radiation and gas phase convection.
Typical values of several smolder characteristics,
including the maximum temperature, Ta, the oxidation
veggcity. v, and the pyrolysis speed, v pe are given in
Table I.

TABLE I
Order of magnitude estimates for several smolder
characteristics.

Quantity of Interest Magnituded

(1-5) X 1077 a/sec
(1-3) X 10-3 a/sec
(5-15) X 10-3 w/sec
800-900°K

forced gas velocity, uy
oxidation velocity, v
pyrolysis front velocity, vp
maximus temperature, T,

3. Measurements by Ohlemiller and Lucca [16].

Becsuse the solid fuel and the gaseous oxidizer
enter the oxidation zone from opposite directions, all
of the char is consumed in accordance vith Eq.(2)
before the oxidation zone moves forvard. Therefore,
the oxidation velocity, v, is proportional the the
initial oxgen mass flux, vith the proportionality
constant determined by stoichiometric considerations
[14,16]. Because v is several orders of magnitude
smaller than the gas velocity, uy, the oxygen mass flux
(in a frame of reference aoving vith the oxidation
zone) is spproximately, Yoi"gi“i [16}. Thus,

ORIGINAL PASE IS
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Vusnus .Yol°giu1 (3)

Yoy (1-6)e,

Typically, Y,54~0:23, uy~0.005 n/s, ogq-1 kg/-3, and
(1-6)pgy~40 k;/- , resulting in oxidation velocities on
the oraer of 103 a/s. Por the same conditions,
smolder velocities encountered In cocurrent smoldering
are more than 50 times larger [16]. 1In a frame of
reference loving vith the oxidation zone, the gas phase
mass flux, m%, is an order of magnitude larger than the
solid phase ll flux, a Setting Y,4=0.23 and
representing oxidation v!th the rc;ctgon, c»oz. . (3)
yields m3/aZ-0.08. Neglecting terss involving l,
considcrably simplifies the governing equations. Also,
since the solid density based on total volume,
(1-6)pgy, is much greater than dpgy, the energy stored
in the gas phase is negligible vhen compared vith that
stored in the solid phase {8,17].

Additionally, the solid phase is sssumad continuous
vith a constant void volume fraction. The propagation
of the smolder vave is approximately one-dimensional.
Fick’s Lav i3 used to model the diffusion of oxygen.
Radiation heat transfer is incorporated utilizing the
diffusion limit. The gas and the solid are presumed to
be in local thermal equilibrium. BEnergy transport due
to concentration gradients, energy dissipated by
viscosity, vork done by body forces and the kinetic
energy of the gas phase have been ignored. The
quantity, p.D, is taken to be constant. This is a
reasonable assumption because the mass diffusivity of
oxygen in the air, D, increases vith temperature and
decreases vith pressure [22]). It is also assumed that
properties, such as the gas phase thermal conductivity,

Ve

-kg, the solid phase thermal conductivity, ke, the gas

specific heat, cg, and the solid specific heat, o4,
remain constant.
2.2 CASE I: NO RESIDUAL ASH
2.2.1 Governing Equations

After the initiation of smoldering, the coordinate
system moves vith the char oxidation region. Por x>0
(Regions I and II i{n Fig. 1A), the conservation of
energy requires

T .F I 3 19
(1-é)p sCs 3t * .lct " (k krtdl 3;,(‘)

vhere the effective thermal conductivity, ke ggndk
(1-6)kg, accounts for heat transfer due to conduc!ion
in both phases. Radiation heat transfer is
incorporated using the temperature dependent
conductivity, k. 4al6ol; 1373, vhere ¢ is the radiation
path length. For x<0 (Region III in Pig. 1A),

2
T . aT 3T
D‘C‘ﬁolcz-a-;-kgj (5)

Since all of the oxygen is consumed, Yy=0 for x>0. Por
x<0, conservation of species for oxygen yields

2

v . ‘Y
o - o )
PO TS PRl ’gD axz : (6
Congservation of gas mass gives
e 2 '
3p
1+ (6-1E(x)] 52 “af -0 , 7)

vhere H(x) {s the Heaviside function, vhich vanishes
for x<0 and is equal to 1 for x>0. Noting that all of
the incoming solid is consumed in the oxidation zone,
Eq. (1) yields



Sgp1"gpl
1 - BEER A(L-X))8gy  for 00
us U3

8

oy " (8)
o, tor x<0

Because the pressure changes by only

these very porous systess {141, the

p RTePg, thus completing the preceding

equations. . - .
The folloving boundary conditions are glposed on

e ssall amount for
1deal gas lav gives
set of

Eqs. (4-7): as x+e, T4, T*¥04 and agwgii 39 XP+®,
dT/dx+0. The temperatyre gs cgntinuous scross both
interfaces. Becsuse l,((ig. ig is npptoxilately

continuous 8cross both interfaces. It is assumed that
smoldering begins vhen the temperature of the x«0--
interface reaches 8 eritical value, T“>TV>T1.
Hovever, only an approximate value for Tig is needed
since the solutions are independent of the initisl
conditions ss t3®. Conservation of energy st the
interface gives

x=0

16 3, 9T T
[keﬂ *73 o!.r‘!'.) s;\x_oo ¢ kg “\x-o'
() 4
) Q
. U(T.-T‘) . QozD T 0" H(T'-T*‘)

"
- Qe H(te-t) v (9
vhere Ty is the temperature at x«0. Thus, the maximue-
temperature, Tgr is determined by balancing the éenecgy
transported dovnstream; by conduction and radiation,
and the energy conducted upstress, radiation heat
losses froam the x=0 interface, the energy released in
the oxidation zone and the external heat flux.’ Hotion
of the pyrolysis calculated by equating the
energy consumed by pyrolysis and the net energy
transported to the pyrolysis zone, giving

16 3
v . Poge * 3 °Tp) [3_1: ) 33‘ ]
P (l-é)psiop x| Lt x| .rl (10)

vhere v =dL/dt+v and L is the distance betveen the tvo
reaction reglons. Initislly, both the temperature the
the oxygen concentration are unifors. That is,
T(x,0)=T and Yo(x,O)-YQi. After smoldering is
initiatcs. Yo(O,t)-O.

2.2.2 Dimensionless Governin Bquations -

A dIpensionless tenperalufe 1s defined by Te(T-
T4)/Te- setting Te=Ty makes T of order one and
eliminates the parameter, T/ T vhich arises from the
nonlinear terms in the governing equations. The oxygen
mass fraction, Yor the gas density, pg» and the gas
mass flux, n,, are normalized by their {nitial values.
A charscteristic distance, xc-keff/i 4Cq are chosen by
balancing terms in Eq. (4). Typically, uir0.00SIIsec.
ogi-l kg/e (1-6)pgy 40 kg/@3, cg~cg-l xJ/kg K, snd

% ff-0.0S v/a K, giving x.0.01 » ;n& t.-80 sec. Thus,
the ratio, Xc/tc=0.013 caisec, is of the same order 83
v, (see Table I). This is to be expected because Vv is
determined by heat transfer considerations and both X¢
and t,. vere chosen to make terms in the energy equation
of orger_one.

For x>0, conservation of energy requires
',?I,.;i-.-lu.ua&)li'r:. (n
s 4 x

s Bax x

and for x<0,

P e et

- ax - 2=
T - 31T T

p — +B_—== e . 12)
LI T § x ;;i

;0-0 for 0. Por
spacies for oxygen yields

Since sll of the oxygen is consumed,
%<0, conservation of

- - 7=
. 9 ) Y
o - 0 1 )
4 — W —==m o Ty (13)
$ 3. Sax
Conservation of gas mass requires
_ 3, 2w ‘ '
(1-(1-6)B(x)] =B+ —£.0 . (14)
£13 x
Equation (8) yields -
- {1 - (1-s) B (L-X) , for x>0
g = - 13
s 0, for x<0

In Q}menglonless form, the ideal gas equation of state
is pw(1+T)=1l. The dimensionless smolder veloclity,
Vuvte/Xes equals after the onset of smoldering and zero
beforehand.

The followving boundary conditions are imposed on
Egs. _(11-14): as x3-%, T+0, Yo+l and mgol; as X+ e
d7/dx+0. Both temperature and the gas mass flux are
continuous across the interfaces. Conservation of
energy across the x=0 interface gives

a
ax {x=0*

co

(1. Nk(w?-):‘]

L=/

—

N '} 1
Q. [(1+T) -1 « ¢
Rw le 5 |xe0"

- OEH(t‘-t) ' (16)
vhere Ty is the tempersture at x=0, _The tempersture of
the pyrolysis zone {s held fixed, T(L,t)-TP, and the
motion of this front is determined by

vV =

T

x

. D—l; umauﬁ)’] [’—T-_\_ _ - (an

c ax |x=L*
Inltially._j(x.g)-o and Yo(x,O)-l.
initiated Yo(O.t)-O.

The dimensionles paraseters appearing in the
preceding equations and typical values of these
parameters, estimated from properties provided in refs.
i8.16.23-25], are given in Table II. The quantity, T
represents the ratio of the gas phase response time to
the solid phase response time and is alvays less than
0.04 for the fuels of {nterest. As discussed in the
folloving section, this fact leads to considerable
simplification in the governing equations because
solg;ions in Region III in Fig. 1A are steady vhen T is
susll.

b

After smoldering i3

TABLE II

Dimensionless parameters governing forced
countercurrent smoldering combustion. In addition t0
the folloving parameters, the void volume fraction, 6,
the jrradiation time, tg» the ignition temperature,
Tig and the pyrolysis tesperaturd, Tp, must be
specified.
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heat released per mass of

Parameter Physical Meaning
OY°1 Dimensionless measure of the

co cgri oxygen consumed (varies from
0 to 20)
Q Dimensionless measure of the

Dc - E_g- energy consumed by pyrolysis

P s'i (varies froam 0.25 to 1)
k Dimensionless thermal thick-

L = i—‘- ness in Region III (varies

eff from 0.5 and 0.7)

Le = kgff Modified Levis number (usually
pgch lies betveen 1.9 and 13.0)
16ur1'i Dimensionless radiation con-

N, = ductivity (less than 0.1)

R Ik
eff
L} .
&e External heat flux measured

relative to the total energy

0101;31 released in the reaction zone
cuT‘ Dimensionless measure of the
i nergy radiated to the
Q = — 5 energy
R QY .m surroundings (varies froa
of gi 0.005 to infinity)
Va“a
S. =3 H Stoichliometric coefficient
us us
v
§ » S Stoichiometric coeffient
¢ “hs"us (varies betveen 0.3 and 0.4)
V. vus"us Yoics Dimensionless char oxidation
Vo"o c‘ velocity (varies from 0 to 1)

Py C Gas phase response time

T T"J_( “8)o,;¢, divided by the solid phase

response time (less than 0.04)

2.2.3 Quasi-Steady Equations
Terms in Eqs. (12-14) involving time derivatives
can be neglected because t is alvays less than 0.04.
—=is result is in agreement vith the findings of
Ohlesiller and others [8,14,17], vho reported that the
gas phase can be considered quasi-steady in many
. smoldering combustion applications. Setting t equal tc
3 ;:ro(:?)!q. (14), integrating once, and combining vith
. ’

2.0, 2u. u‘u&)’] E X (18)

=08
i‘t. l"."l

X

Bquation (12) yields an explicit expressions for the
temperature in Region III in fig. 1A (x<0),

Y,

Te T- [ ] » (19)
After smoldering is initiated, Bq. (13) gives

Y1 et (20)

o

Combining Eqs. (16,19,20),

- - - 4
T NR(I»TM)B] o e Ty DL T
M ix=0
- D BT ) - D 0 HED (D)

Bquation (21) determines f; vhile Vp is given by Eq.
(17).

2.3 CASE TI: ASH LAYER BUILDING BELOV SMOLDER VAVE

After the initiation of smoldering, the coordinate
system moves vith the char oxidation zone. As the
oxidation front propagates upvard, an ash layer of
height, h(t)svt, builds belov the smolder vave - see
Fig. 1B. Because the governing equations for Case II
are very similar to those for Case I, only
dimensionless equations are presented in this section.
Relevant dimensionless variables are defined in the
preceding section and the dimensionless parameters
appearing in the folloving equations are listed in
Table II. As discussed previously, the gas phase
response time is much smaller than the solid phase
response time (that is, t<<1). Consequently, the

“tempetature in Region IV in Pig. 1B, the oxygen

concentration, and the gas phase mass flux profiles are
steady. Conservation of energy in Regions I through
III in Pig. 1B again gives Eq. (18), vhile in Region IV

T.1, R (22)

The temperature at x=-h, Th(t), vill be determined by
applying the conservation of energy at the x=-h
interface. After smolder initiation, conservation of
species for oxygen yields

© , for ;>0

T <1 -, for -h<x<0 2

1 - ehLe/é e(hnt)Le , for ; < _;
Equations (1,2) determine the solid density,

- (l-s) H (L-X) , for x>0.

> = rc , for -h<x<0 (24)

s -
0 , for x<-h

The folloving boundary_conditions are imposed on
Eq. 18: as x+-=, T40; as x=, dT/dx-+Q. The
temperature is continuous across all of the interfaces.
Before smolder initiation, conservstion of energy
across the x=0 interface requires

= .3, T z =N
1.T =1 - T QD 1.T -1
(1« Na(1T )" I + QgD 1(1TY) ]
- QB Dcc H(te-!) . (25)
After initiation, conditions at ;--i and ;-0 are
- 3 a7 - - &
[1 ¢« N (1T, )7 =|_ « T, + QD  [(1.T,) -1
R h 3% |xa0* h R co h ]

- Q 0, B(t-t) . (26)
and -
aT

= .3
(1 s Na(1sT )% [—_
ax

KN

= =D y (27)
x=0~ x

;-o~] co
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respectively. Equations (26,27) determine Ty and Tpy.
Motion of the pyrolysis front is still governed by Eq.
(17). Consideration of an ash layer introduces one
additional parameter, S,.
3. SOLUTIONS
NO RESIDUAL ASH

Techniques for solving partisl differential
equations vith moving interfaces have been developed
vithin the context of freezing and thaving in cold
climates [26] and the chacring of solids during a fire
(19}. The time-explicit finite difference scheme
presented by Lundarini [26] is utilized to solve Egs.
(17,18,21). Teapecature profiles after the onset of
smoldering for typical values of the disensionless
parameters arg shovn in Fig. 2. The saximum _
temperature, Ty, _reaches a steady value before te2.5.
A plot of Ta(t)/Ty(=)) is given in Pig. 3 for tvo
cages: (1) the external heat flux is turned off st
tety=1.0 (s0lid line); (2) the heat flux is turned off
{mmediately after smolder initiation (dashed line).
Radiation and conduction heat transfer from the
oxidation zone to the pyrolysis front becomes ssall
vhen the dimensionless distance betveen the tvo
reaction regions is large - that is, vhen L>1.
Neglecting teras on the left hand side of Bq. (21), as

t.,

3.1 CASE I:

90, [T Y - 11+ T, = 0, _ @
Because GpD., 13 usually greater than 0.15 snd Tgy-~2,
the first term on the left hand side of the above
equation is an order of lg¢n1t¥dz larger than the
second and ggn:equtnzly, Ta=~ /4.1, or in dimensional
form, Ty=(0mgi/ce)1/4.” Thus, as a first approximation,
the peak temperature is deternined by balancing the
heat released in the reaction zone and radiation heat
losses from the x<0 interface. _Typically, Q-12.3 klJ/gm
of 0p, Yo1-0.23, igy~0.006 kg/als and £-0.9, giving
Tp=%90°C. Becsuse a small portion of the energy
released is used to preheat the incoming gas, the peak
temperature vill be slightly lover than this value.

2 Y A\ T T T ¥ 4 T T Al A\l T T

DIMENSIONLESS TEMPERATURE, T =(T-T)M,
I

DIMENSIONLESS DISTANCE, T = X fgcy/ken
FIG. 2: Dimensicnless tempersture, T, versus
dimensionless distance, X, at various values of

dimensionless tise, t, for Case I, vith Dgo=12.0,
Dep=0.3, 1=0.7, Ng=Q, Qpe1.0, 0g=0.021, 3¢=0-3, V0.2,
te-l-o. Tp-l.O and ‘1'1‘-1.0.
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NORMALIZED MAXIMUM TEMPERATURE, Tp(t)/T ()

0 1 2

DIMENSIONLESS TIME, T= t ke/(1 - @) oy

. FIG. Normalized saxisum tesperature,
Ta(t)/Tg(=), versus dimensionless tiwe, t, for tvo _
cases: (1) the external heat flux turned off at tstgel
(=); (2) the external heat flux turned off immediately
after smolder initistion (--). Vith DcgelZ, Dep=0-3,
20,7, NgeO, Qqel, OR=0.02, 3¢=0.3, ved.2, snd
Tp-Ti‘-I.

A plot of T, versus QgD.o for various values of D¢
is shown in Pig. 4. S-oldeg?ng vill only occur vhen
To(wl) <TLT ¢ vhere T i{s a critical
temperature lbgs:.ghc flalinglt:eobserved. Pigure &
also demonstrates the relationship betveen the ignition
temperature, Tig, and the minisum externsl_heat flux,
Qg, that vill produce smoldering (replace T V1thu:3‘b

y

and D, vith Qg D.,). Note that Qg gin is fo
setting To=Tig Aﬂé“d{'?dxt;:o,. 0 in Bq. (21), giving
z sk
Ql,lin Dco = T- . okbco [(IQT.) -1] . (29)

vhen either the ignition temperature, Tygr OF the
radistion heat losses, QpDeor {ncrease, & greater
amount of energy sust be supplied to the bottosm of the
material to produce smoldering.
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DIMENSIONLESS RADIATIVE LOSSES, QpD,,

. PIG. 4: Setting I equal to_the dimensionless
maxisus temperature, Ty, gives Tq versus dimensionless
radistive losses, OgD.,, parameterized in the
dimensionless heat roienscL Deo- Setting T equal to
the ignition temperature, Tig' and replacing Dg, vith
Qg,minDco Eives Tig versus QpD., for various Qg gin

co*

Integrating Bq. (11) from x«0 to XeL and combining
the resulting expression vith Bq. (17) provides an
expression for Vo

- 1 {- z : 3
V. & = {(T -T.) - [1+8,(1+T)7]) —=]|-
4 Dcp L NR . x {x=0*

-3 ] ; d; + 8 ; -g

¢ — ¢ p dt
tjo
R TI nnuép)"] ay. } (30)
X |xel?

Of the energy that is transferred dovnstreas from the

char oxidation zone (see the first tvo terms on the
right hand side of the above equation), only a portion
is consumed in the pyrolysis reaction region.
the energy is stored in the hot char in Region II in
Pig. 1A [14], a small fraction is used to preheat the
unburnt solid in Region I and the remsinder is consumed
in pyrolysis. In the lisit t+e, radistive and
conductive heat transfer dovnstream fros both reaction
regions is negligible, and Bq. (30) gives

D

s .-
{—gr‘l‘dx-‘r "—‘:}.
itjo P a¢ cp

o ==
Dcp

Thus, energy consumed in the pyrolysis zone and stored

by the hot char ls supplied only by gas phase

convection in the limit t+=. A reasonable

approximation for the second ters on the left hand side

of the above equation is

p

l - -
5= (T-Tp) - 3D

CRIGINAL PAGE IS
OF POOR QUALITY

Most of

171

2 ":a;-i“—‘::&_-ip)“-:. (32)
at)o P de dt
Combining Eqs. (31,32), gives
- - (T.-T.)-D_V
Vp.-d-éQ-V-——-—_-z_———cL «V . (33)
dt lc(r--fp)obcp

As t4e, the pyrolysis velocity approaches a constant
value vhich, in general, differs from the char
oxidation speed. Because the tvo resction fronts sove
at different velocities, no steady solutions exist and
countercurrent smolder propagation is inherently
unsteady. Predicted v (t+=) are compared vith
seasurtements by ohlentfler and Lucca {16] in Pig. 5.

0.015 T | T 1 T
A

3
§ +
> 0.010 |- =
&
8
9 A
w
>
3 +
[
% 0.005 [~ A -
3
®
>
a

0,000 | ! 1 i !

00 01 02 03 04 05 08

INLET GAS VELOCITY, u; (cm/s)

FIC 5: Predicted (—) pyrolysis front velocities,
vp(t4¢). versus initial gas velocity, u4, fgr
cellulosic insulation with (1-€)e 1=3% kg/w, cgn2.4
KJ/kg, Qpe0.37 ki/gm, 8¢=0.3, T <118 and T,e1. Shown
are measurements [16] betveen tgeriocouplo: 1 and 2 (8)
and betveen 2 and 3 (+) - thermocouples 1, 2 and 3,
vere placed 7.5 cu, 10.1 cm and 11.4 cm, from the

- bottom, respectively.

Self-sustaining countercurrent smoldering is not
possible vhen dL/dt<0, corresponding to

c (T.-T)) v M
Ty, D (3
Q oo

Solutions do not exist vhen the energy convected
dowvnstreas from the oxidstion zone is ingufficient to
drive the pyrolysis front. ]

II: An Ash Layer Bujlds Belov Smolder Vave
section are restricted to
saall values of the stoichjometric coefficient, s,. In
Region III in Pig. 1B (-h<x<0), the ters involving the
time derivative in Eq. (22) is small vhen 3,¢<1 (note
that pg=sy in Region III). Thus, T is steuay in Region
vhen the thickness of the ash layer is

3.3.2 Case
Results presented in t

II1 vhen s,<<1.



much greater than x., radiation heat losses from belov
are negligible. The residual ash serves as insulation,
lesding to high peak temperatures. _The dimensionless
temperature of the oxidation zone, Ty, approaches D¢o
as [o®. Por Yoq-0.2, Tg-2,500°C. Such high
temperatures vgil produce flaming combustion in most
saterials of interest [14]. In the absence of radial
heat losses, temperatures encountered in the
countercurrent configuration sre much higher than those
in cocurrent smolder. This is due to the role of gas
phase convection. For countercurrent ssolder, hot
gases produced in the reaction zone flov into the
unburnt solid, preheating the incoming fuel. Vhile in
cocurrent smolder, gas phase convection carries energy
out of the systes. Vhen an ash layer builds belov the
smolder zone, Eq. (33) still_determines the pyrolysis
velocity, va(t+=). Because Ta*cor Eq: (33) nov gives

o

. mR-v
gL e (35

dt Dc

1. 5—2

(]

Since D¢g/De is_fairly large, on the order of 10, Eq.
(35) yielids Si/dt-l. In dimensional form,
dL/dtepgiujcg/(1-6)pgjcg. Typically, us=5 X 10-3 wrs,
(1-6) 054/ pgy ~4Q and cs-cg, giving dL/dt-10"% m/s. Note
that v=3 X 102 m/s for fhis case, SO vp~1.3 X 10-
ca/s.
4, CONCLUSIONS
A model of unsteady, countercurrent swoldering
combustion propagation has been developed. The
proposed application is an experiment for use on the
Space Shuttle. Due to the microgravity environment, it
vas assumed that the propagation of the smolder vave
vas one-dimensional. Radiation heat transfer vas
incorporated using a diffusion approximation.
Smoldering combustion vas represented using a tvo step
mechanism, vhich included s pyrolysis reaction and s
char oxidation reaction. A "flame” sheet spproximation
vas used to model the oxidation zone and it vas assuzed
pyrolysis occurs st a knovn temperature, Tp. In
general, the tvo reaction fronts move at dgfferen!
velocities and countercurrent smolder propagation vas
unsteady. Tvo cases vere considered: (1) no residual
ash, vaMa«0, and complete consumption of the char; and
(2) an ash layer forsing beneath the oxidation zone,
due to either production of ash during oxidation,
VaMy 0, or leakage of char through the reaction zone.
Explicit expressions vere derived for the char
oxidation velocity, v, the maxisus temperature, Ty, and
the pyrolysis front velocity, vp. in the limit of long
time. Key results included: (T) in the absence of
rsdial heat losses, v, approaches a constant value
vhich is, in general, different from v; (2A) for the no
residual ash case, in limit of long time, Ty is
detersined by a balance among the energy tetensed in
the oxidation region, the energy required to prehest
the gas and radiation heat losses; (28) vhen an ash
layer builds belov the ssolder vave, radistion heat
losses from the bottom are negligidble in the limit to=
and T, is higher than in the no ash case; and (3) self-
sustained countercurrent smoldering combustion is only
possible vhen cg(Tg-T 1/Qp2Y o1 WysMys/ VoMo 1.
solutions cease to cxgst vhen the energy convected by
the gas phase is insufficient to drive the pyrolysis
front. - ’ o
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The need for further experimental investigation of
countercurrent smoldering cannot be overemphasized.
Such experiments are necessary both to test the present
model snd to guide future theoreticsl vork. Especially
important is the transition to flaming combustion.
Results frow this study indicate that such s transition
is more likely in materials vhich form a residual ash.
It is anticipated that these materials vill be resdily
{dentified experimentally.
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Abstract—A theoretical and experimental study is carried out to determine the effect of buoyancy on the
rate of spread of a cocurrent smolder reaction through a porous combustible material. Since buoyant
forces are proportional to the product g(p; — p,), they can be controlled experimentally by varying either
the gravitational acceleration, g, or the density difference, p; — p,. The latter approach was followed in
the present work. Measurements are performed of the smolder spread rate through porous a-cellulose
(0.83 void fraction) as a function of the ambient air pressure. The experiments are carried out in 2 pressure
vessel for ambient pressures ranging from 0.5 to 1.2 atm. The rate of spread was obtained from the
temperature histories of thermocouples placed at fixed intervals along the fuel centerline. The smolder
velocity was found to increase as the ambient pressure was increased. Extinction was found to occur when
the buoyancy forces could not overcome the drag forces, indicating that at least for the present
experimental conditions transport by diffusion cannot, by itself, support the spread of a smolder reaction.
This conclusion is particularly important for outer space conditions where gravity and consequently
buoyancy could be negligible. In the analysis, which assumes onc-dimensional processes, the transport
equations are solved to give the smolder spread rate as a function of the inlet oxygen mass flux. This mass
flux is then estimated by balancing buoyancy and drag forces. Assuming that the smolder chemical
reaction is only weakly dependent on pressure, the analysis finaily predicts a smolder velocity dependence
of the form v ~ Y, gp2 ~ Pa’, ic. is proportional to the ambient pressure squared. Good qualitative
agreement is found between the theoretical predictions and the experimental results,

1. INTRODUCTION When smoldering is initiated at the top of the
material in a natural convection environment, the
reaction zone travels downward, in the direction
opposite to the buoyantly induced flow of air. Be-
cause the fuel and the oxygen enter the reaction zone
from the same direction, this configuration is often
referred to as cocurrent. Smoldering combustion is an
oxygen-limited phenomenon[1,2]. Since, in most
cases, all of the available oxygen is consumed, the
total heat release is approximately proportional to
the incoming oxygen mass flux. Increasing the buoy-
ancy force increases the gas velocity, leading to higher
temperatures and faster reaction rates[2]. For this
reason, the rate at which a self-sustaining smolder
wave passes through a porous material is very de-
pendent on the magnitude of the buoyancy force

Smoldering combustion, which is defined as burning
and smoking (that is, combustion) without flame, is
present in a variety of combustion processes ranging
from the burning of porous building materials to
underground coal combustion. The host for the
smoldering process is a porous combustible material.
It is at the surface of this material where a hetero-
gencous chemical reaction takes place. Smoldering
involves complex processes related to fluid mechanics
and heat transfer in a porous media together with
surface chemical reactions. Chemically, the porous
combustible material is a hydrocarbon (for example,
cellulose or polyurethane) which can sustain surface
reactions and produce enthalpy and desorbing
species—primarily CO,, H, and CO. It usually under-  op11ive to the magnitude of the drag forces.
goes considerable chemical change as the smolder Some of the earliest work in smoldering com-
wave propagates through the material from virgin  p,ction was undertaken by Palmer{3), who measured
bulk to slightly heated and pyrolytic material 10 the rate of smolder spread in dust trains and heaps.
largely carbonaceous char and ash behind the wave.  gince then, a number of experimental and theoretical
The slower the wave propagates, the more complete  jpyegigations have appeared in the literature. Topics
its decomposition and combustion. Once established,  of research include smolder propagation in
sclf-sustaining smoldering well within this bulk can cigarettes[4,5], coal[6,7], polyurethane foams[8-10],
be difficult to extinguish. wood{11-13] and wood products[14]. Smoldering
combustion in the cocurrent configuration has been
YR investigated experimentally with polyurethane
I et S o foam(15] and loose-All cellulose insulation{16] used as
7-12 October. 1985. fuels. These materials exhibited similar smolder char-
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acteristics. Raising either the oxygen concentration or
the gas velocity led to higher burning rates.

The objective of the present work is to study, both
experimentally and theoretically, the effect of buoy-
ancy on cocurrent smoldering combustion. Buoyant
forces, which are proportional to the productt
£(pg — P4, can be controlled experimentally by vary-
ing either the gravitational acceleration, g. or the
density difference py; — p,. The latter approach is
followed in the work presented here. By changing the
ambient pressure, the density of the gas and con-
sequently the buoyant force is varied. The rate of
smolder spread through porous cellulose is measured
for air pressures ranging from 0.5 to 1.2 atmospheres.
The smolder velocity is found to increase as the
ambient pressure is increased.

A model of cocurrent smoldering combustion un-
der free flow conditions is also developed. In one
dimension, the local gas velocity is determined from
the conservation of mass—as a function of the inlet
gas velocity (i,). Since the pressure varies by a small
amount over distances comparable to the thickness of
the smolder wave{1,17], the transport equations can
be solved before considering the momentum equa-
tion. Solution of these equations provides the rate of
smolder spread as a function of u,. The quantity, u;
is then estimated by using an integral momentum
analysis. The predicted smolder velocities are in
qualitative agreement with the measurements.

2. MATHEMATICAL FORMULATION

A schematic of the problem under consideration is
presented in Fig. 1. A porous combustible solid with
density p,, temperature 7, and void fraction ¢, is
contained in a vertical cylinder. Smoldering is ini-
tiated at the top of the porous material using a planar
ignition source. The smolder wave propagates down-
ward opposing a buoyantly driven upward flow of
oxidizer. The gaseous oxidizer has an oxygen concen-
tration Y,, and a density p,;. While all of the oxygen
is consumed in the reaction zone, a considerable
amount of solid remains. In a frame of reference
moving with the reaction zone, the solid fuel and the
oxidizer enter the smolder wave with velocities v and
u, + v, respectively.

Over distances comparable to the smolder wave
thickriess, variations in pressure can be taken as a
perturbation{1,2,17]. That is, P = Pa + p, where p/Pa
is small quantity. In one dimension, the conservation
of gas mass determines the gas velocity as a function
of the inlet velocity (). To leading order, the trans-
port equations can be solved before considering the
momentum equation. The transport equations are
formulated in this section and a solution is presented
in Section 3. The smolder velocity and the peak
temperature are functions of u,. The determination of
u, is discussed in Section 4.

tNomenclature is given in Appendix at end of paper.
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. Schematic of cocurrent smoldering combustion
viewed in a frame of reference moving with the reaction
zone.

Assumptions made in the following analysis in-
clude:

I. The propagation of the smolder wave is one-
dimensional and quasi-steady in a frame of reference
moving with the smolder wave.

2. The gas phase and the solid phase are in local
thermal equilibdum (that is, T, = T).

3. Radiation heat transfer can be modelled using
a diffusion approximation.

4. The smolder chemical reaction is of the form

v, (unburnt solid) + v,0, — v,(ash)
+ vg(gaseous products) (1)
5. Thermophysical properties are constant.

In a frame of reference moving with the smolder
wave, solid and gas phase mass fluxes are (symbols
are defined in the Appendix and Tables | and 2)

m, =(1—¢)p,v, 04)

m, = dp,(u +v). - 3
The conservation of mass requires

m = m, + my = constant . “)

Phase and species mass flux fractions are defined, as
follows,

e =m/m, &)
€, =m/m, (6
€a=Yom/m, Y
%=¢Yop,(u:v+ Vo)‘ ®)
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Table 1. Dimensionless groups

= — Change in temperature divided by the tinal temperature

E
B=2—(Ti=T)

RT;
kZ(Y,p,)oeT§
=2t v Texp(—E/[RT
micE B exp(—E/RT))
k
r, = ~tEe
®pyDc
_(teMs _
nz—("oMo I)Y,
k k

o kT K

= YoMt

o=
va!s €

Zeldovich number
Damkohler group
Modified Lewis number

Fractional increase of the gas phase mass flux

Ratio of the thermal conductivity to the effective thermal conductivity
(radiation and conduction)

Equivalence ratio

where V, is the diffusion velocity of the oxygen.
Equation (1) gives the following relationships be-
tween these flux fractions

1 de, 1 de i de,
"usMut dx voModx (vusMus_vaM.)d-t-
1 d
2O

= (vpMg — v, M,) a; :

Distances are measured relative to k¢/mc, where
ko=k + ko T} is the effective thermal conductivity.
A dimensionless temperature is defined as,

T-T
T,-T
Since all of the incoming oxygen is consumed in the
reaction zone, pg, €, and Y are nondimensionalized
by their initial values (Table 2).

In dimensionless form, the transport equations are
[17%

T= (10)

Conservation of oxygen

de,
—_— —W. 11
rES (an
Table 2. Dimensionless vanables
€ . .
== Dimensionless oxygen mass flux
€
IA =: Dimensionless gas density
L
T-T,
T= ! Dimensionless temperature
I-T,
= hd Dimensionless gas velocity
u‘
Y, .
¥,= 7°— Dimensionless oxygen concentration

Fick's Law
1dY, - .
_—E =1 +m(l =€V, —&,. 12)
Conservation of energy
daT
{m+(-m)[l—2(0 - T)]’} Fr]
=T ~-(-¢). (13

Auxilliary relations (Arrhenius type reaction rate)
1
w =(1317°)'[l -—( —fc)][l —2(l-T)f «
b

B —T)
X °"p('[1 —a(l - 1')]) i

The dimensionless groups and variables are given in
Tables 1 and 2 respectively. Dividing eqns (11, 12) by
eqn. (13), the spatial coordinate X can be eliminated.
In terms of the new coordinate T, the boundary
conditions are

as T -0 ,—1 (15)
as T =1 -0 (16)
Y,—0

3. AN ASYMPTOTIC SOLLUTION OF THE
TRANSPORT EQUATIONS

For cellulose. the Zeldovich number, B. is on the
order of fifteen[14). Because of Arrhenius-type de-
pendence of the reaction rate on lemperature. rela-
tively small changes in temperature can lead 10 large
changes in the reaction rate. Under such circum-
stances. it is reasonable to assume that the oxidation
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reaction is confined to a thin region[18]. This region
acts as a source for energy and a sink for oxygen. The
reaction zone is. in essence, a derivative layer. Tem-
perature and oxygen concentration vary continuously
across this layer, while their derivatives undergo a
discontinuous change.

Since region Il (Fig. 1) is fairly thin. the source
terms in the governing equations are balanced by
diffusion. In the outer regions (regions I and I,
convection and diffusion balance. The smolder veloc-
ity and the maximum temperature are determined by
matching the inner solution with the outer solutions.
The details of this matching process are available in
{17]. The following results are pertinent to this study.

Q¢
cr -y " (n
ACH)
T mir(l+a) (18)
where ’
1
tde (19)

f(¢..)=J;——l—-.
=)

Equations (17, 18) determine v and T as functions of
4. As illustrated in Figs 2 and 3. both v and T,
increase as the inlet oxygen mass flux (Youdpgu) is
increased.

4. CONSIDERATION OF THE
MOMENTUM EQUATION

The inlet gas phase velocity (i) is determined from
an integral momentum analysis. A characteristic gas
phase velocity is defined by balancing buoyancy
forces and drag forces.

bo.8
uc=”T:‘ (20)
T
og a3 -
X
£
=
g 2r
g
1.t
[13]
0 1 ]
oo s 10

Oxygen mass flux, kg/me sec (X 10%)

Fig. 2. Smolder velocity. r, as a function of the inlet oxygen
mass flux. ¢ ¥, p,u,.
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Fig. 3. Final temperature, T,. as a function of the inlet
oxygen mass flux. ¢ ¥, p, u.

where ua, is the proportionally constant in Darcy’s
Law. The gas density. P¢» is nondimensionalized by
Po-

In the absence of an imposed pressure gradient. the
conservation of momentum requires (see Nomen-
clature section in Appendix):

ho -k ho=h+l
I_ 5,,zidx=j_ (1 — 3,) dz,

- -k

@h

where L is the chimney height, 4 is the height of the
virgin solid and A, — & is the char height. While the
flow resistance, a,, is lower in the char layer, the gas
phase velocity is higher. The latter is due to both gas
generation and expansion in the reaction zone. There-
fore, it is reasonable to assume that a,u remains
approximately constant. Using this assumption, eqn
(21) yields the following relationship between u, and
a (which depends on T,),

=o| 14120
u=a |

22

%)

20

13+

05 -

inlet gas velocily, m/sec {X

oo 1 ]
) 10 20

Charocterisic buoyoncy force (N/ma)

Fig. 4. Inlet gas velocity, u,. as a function of a characteristic
buoyancy force, 2Pp-
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Experimental nstallanon

Low pressure chomber

Amplifier

Microprocessor

Fig. 5. Schematic diagram of the experimental installation.

Equations (17, 18,22) determine v, T, and u,. As
illustrated by Fig. 4, u, is approximately proportional
to the characteristic buoyancy force gp,;. Since the
smolder velocity is proportional to the oxygen mass
flux,

23)

Assuming that the reaction rate of the smolder
reaction is independent of pressure, it can be deduced
from the above expression that the smolder velocity
is proportional to the ambient pressure squared, that
is o ~ Pa®. Since the reaction rate for most fuels is
only weakly dependent on pressure, it is expected that
the above velocity/pressure dependence will be valid
at least for relatively small variations of the ambient
pressure. However, if the ambient pressure is reduced
considerably, the reaction rate and temperature will
decrease to the point that extinction will occur. The
reduction of the flow of oxygen to the reaction zone
due to both the decrease in pressure and post-
combustion temperature, i.c. decrease in buoyancy,
will also add to the onset of extinction.

v~ Yupsu~Yigpl.

5. EXPERIMENT

Experiments are performed to determine the effect

of ambient pressure, and consequently of buoyancy,
on the rate of smolder spread through a porous
combustible material. A schematic diagram of the
experimental installation is shown in Fig. 5. The
experiments are carried out in a cylindrical pressure
vessel 1.8 m in diameter and 3.3 m long. A vacuum
pump or a compressot is used to set the vessel
pressure below or above atmospheric pressure. The
oxygen concentration in the vessel can be varied by
adding oxygen or nitrogen from pressurized bottles.
Acrylic windows located at opposite sides of the
vessel provide optical access to the test area. The
fuel/container unit is held by a frame in the middle
of the test area, avoiding the obstruction of the flow
of air in and around the fuel container.

The porous fuel is contained in a vertical Pyrex
cylinder 0.07 m in diameter and 0.16 m long. These
dimensions, in particular the cylinder diameter, are
selected to reduce to a minimum, the depletion of
oxygen in the vessel during the fuel combustion
process, while ensuring a one-dimensional smolder
spread process in a region of at least 2 ¢cm in diameter
around the cylinder axis. Small holes placed longi-
tudinally along the side of the cylinder aliow the
positioning of thermocouples or gas sampling probes
in the porous material. A nichrome wire electrical
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igniter can be positioned at the top or bottom of the
cylindrical container to initiate the smoldering pro-
cess at either end of the cylinder. As an alternative
ignition method, an easily ignitable fuel (cellulose
soaked in heptane for example) is thinly spread on
top of the porous material and ignited with a small
pilot flame or spark. The flaming combustion of the
volatile fuel initiates the smoldering combustion of
the porous combustible. A chimney 0.33 m long and
0.03m in diameter, tapered at the bottom to a
diameter of 0.07 m is fitted on top of the fuel con-
tainer. The chimney is used to both enhance the
buoyancy driven flow of oxidizer through the porous
fuel and to prevent the diffusion of air to the top
surface of the combustible material. The fuel con-
tainer and the chimney are insulated with a fiber-glass
jacket to reduce heat losses to the environment.

The rate of smoldering spread is measured from the
temperature histories of thermocouples embedded in
the porous fuel and with their junction placed at fixed
distances along the cylinder axis. Four Chromel-
Alumel thermocouples 0.8 mm in diameter, are em-
bedded in the porous fuel at 5 or 10 mm apart. The
emf from the thermocouples is amplified to volt levels
and processed in a real time data acquisition micro-
computer. With the fuel temperature histories. the
rate of spread of the smolder reaction is calculated
from the time lapse of reaction zone arrival to two
consecutive thermocouples, and the known distance
between the thermocouples. The arrival of the
smolder reaction zone at the thermocouple position
is characterized by a maximum in the temperature
profile. Under most experimental conditions this
maximum is not sharply defined, which introduces
inaccuracies in the definition of the smolder front
arrival time and consequently in the calculation of the
smoldering spread rate. In spite of this problem, the
thermocouple probing method is considered to be the
most practical and accurate method to measure the
rate of smolder spread.

6. RESULTS AND COMPARISON .

The experiments presented in this work were car-
ried out using x-Cellulose powder as porous com-
bustible material. A preweighted amount of cellulose
is loosely packed in the cylindrical container filling a
constant volume, therefore keeping an approximately
constant void fraction. The cellulose is supported at
the bottom by a wire mesh which is attached to the
cylinder surface 40 mm from the cylinder top. The
upper cellulose surface is kept flush with the top
cylinder im. The 40 mm cellulose bed height was
found to be the maximum at which the present
cxperimental set up could operate. For larger heights,
the pressure drop in the system is apparently too large
to be overcome by the chimney generated buoyancy,
particularly at the lower pressures tested. The re-
sulting induced flow of air is not large enough to
sustain the progress of the smolder reaction. Al-
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Fig. 6. Electron microscope photograph showing the struc-
ture of the a-cellular ( x 300).

though longer fuel beds could be tested by increasing
the chimney height, it was decided that a 40 mm fuel
height was sufficient to provide the information
sought in this work. All the experiments were per-
formed with an approximately constant cellulose void
fraction of 0.82. The void fraction was estimated
from the measured weight, occupied volume and a
cellulose density of 0.62 x 10° kg/m’. An example of
the structure of the cellulose used in the experiments
is shown in the photograph of Fig. 6, taken with an
Electron Microscope at a magnification of x 400. It
is seen that the material is formed primarily by long,
interlaced, cellulose fibers. Photographs. as the one
shown in Fig. 6, can be used to approximately
estimate the Darcy coefficient of the porous fuel.
The measured rates of smolder spread through the
cellulose are presented in Fig. 7 for several ambient
air pressures. For the measurements, the four ther-
mocouples were placed, in most cases, 5mm apart

_from each other with the first thermocouple located

15 mm from the top cellulose surface. In a few tests,
the thermocouples were positioned at distances
10 mm apart. The smolder velocities presented in Fig.
7 were calculated from the outputs of the second and

Smoider velocity

0002

Smoider velocity, m/sec (X 100)
&
o ‘

c6 o8
Gage pressure (atm)

Fig. 7. Measured and predicted smolder velocity. ¢, as a
function of the ambient pressure, Pa.
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fourth thermocouples. becausc they seemed 1o pro-
vide the most reproducible data. As it is seen from the
results of the figure, there is scatter in the measurc-
ments, particularly at higher pressures. We_ believe
that this is primarily the result of inaccuracies in the
determination of the arrival of the smoldering front
at the thermocouple location. This is more noticeable
at higher pressures because the smolder velocity is
higher. The scatter in the data may be also the result
of small variations in the cellulose void fraction and
location of the thermocouples. For comparison pur-
poses, the theoretically predicted smolder velocity is
also presented in Fig. 7. For the theoretical calcu-
{ations, the Darcy coefficient is selected such that
at atmospheric pressure the theoretical prediction
agrees with the average measured smolder velocity.
Approximate estimation of the Darcy coefficient
from the Electron Microscope photographs (Fig. 6)
gives values for the smoider velocity that are approx.
30% lower than those presented in Fig. 7. Although
the comparison between theory and experiments can
only be considered here as qualitative, it is seen from
Fig. 7 that the theoretical model predicts very well the
general trend of the experimental results, with the
smoldering velocity decreasing as the ambient pres-
sure decreases. This is the result of the decrease of the
flow rate of air through the system as the pressure,
and consequendy the buoyancy. is decreased.

An interesting experimental observation is that the
smolder reaction does not spread at ambient pres-
sures below 0.6 atm. We believe that this is primarily
due to the inability of the oxygen to reach the
reaction zone because at this pressure the buoyant
forces cannot overcome the pressure losses. The
decrease of the reaction rate due to the decrease in
pressure is probably another factor that contributes
1o the extinction, or lack of spread, of the smolder
reaction. The present theoretical model is not capable
of predicting extinction and, thus, cannot be used to
predict this experimental result. An important con-
clusion of this experimental observation is that, at
Jeast for z-cellulose with void fractions equal to or
larger than the one used here and for air as oxidizer,
smolder combustion will not take place if species
diffusion is the only mechanism to transport the
oxidizer to the reaction zone. This result could be
particularly important for the potential development
of smolder combustion process under micro-gravity
conditions. in space vehicles for example, since buoy-
ancy forces would be negligible and the flow of
oxidizer would have to be driven by diffusion or
forced.

In Fig. 8 the predicted and measured peak tem-
perature are presented as a function of the ambient
pressure. It is scen that there is good qualitative
agreement between experiments and theory, although
the predicted temperatures are lower than the
measured ones. This result is probably due to the
simplified chemical kinetic model used in the theory.
The complex chemical reactions taking place at the

fuel surface arc simply modeled with a one sicp
reaction with an Arrhenius type reaction rate. Fur-
thermore. the values of the activation energy and
pre-exponential factor used to calculate the reaction
rate are not accurately known. Selection of a larger
value of the activation energy or the pre-exponential
factor could result in a better quantitative agreement
between theory and experiment.

7. CONCLUDING REMARKS

Theoretically predicted rates of smolder spread and
peak reaction temperatures during the natural con-
vection, cocurrent, smoldering combustion of porous
cellulose in air at varied ambient pressures agree well,
at least qualitatively, with the experimental results for
ambient pressures that do not differ considerably
from the atmospheric value. The quantitative
differences appear to be due primanily to
simplifications used in the modeling of the chemical
reactions taking place at the fuel surface, to uncer-
tainties in the value of key process parameters such
as activation energy, pre-exponential factor, Darcy
coefficient and void fraction, and to experimental
errors because of difficulties in measuring accurately
the rate of smolder spread.

Tt is found that the presence of a steady flow of
oxidizer toward the reaction zone is of critical im-
portance for the progress of the reaction zone. Both
the smolder velocity and reaction temperature are
strong functions of the oxidizer flow rate, increasing
with it. Extinction is observed to occur if the flow rate
is below a critical value. This indicates that, at least
for cellulose with void fraction as the one tested in
this work or higher, diffusion of oxidizer toward the
reaction zone is not a sufficient transport mechanism
1o sustain the cocurrent smolder combustion process.

- preccied TO00
O dato ot thermocouple 2
X dato ot thermocoupie 4
600
2 8
- & g8
_ g % S 8 500 °
®
E /_-1—"3—:_,_,_.—-
L 1 J
060 080 100 420

Gage pressure {otm )

Fig. 8. Measured and predicted reaction zone peak tem-
perature, T, as a function of the ambient pressure.
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This result is particularly important for natural con-
vection smoldering combustion under microgravity
conditions since buoyancy forces are very small and
the oxidizer can only be transported to the reaction
zone by diffusion. The present results suggest that for
smolder combustion to occur in a microgravity envi-
ronment. the flow of oxidizer must be forced through
the fuel, or the porous fuel must have, among others,
a large void fraction, a small Darcy coefficient, a low
activation energy and a large effective thermal con-
ductivity, that is, properties that favor the transport
of heat and mass by diffusion and that present
minimum obstruction to the free flow of gases.
The present work, however, can be only viewed as
preliminary. Theoretical predictions and detailed ex-
periments of the smolder extinction process are neces-
sary. Experiments with other porous fuels, and in

particular the accurate determination of the condi- .

tions at which smolder combustion would occur in a
microgravity environment are also necessary.
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APPENDIX

Nomenciature

a, = Darcy coefficient

.¢ = Heat capacity

D = Mass diffusivity of oxygen in air

E = Activation energy

£ = Gravitational acceleration

h = Height of the virgin solid

k = Effective thermal conductivity of the solid and the

gas = ¢k, + (I — @)k,

m = Mass flux
M, = Molecular weight of species i

P = Pressure

Q = Energy released per mass of oxygen consumed

T = Temperature

u = Velocity of the gas phase

v = Smolder velocity

V. = Diffusion velocity of gas species ¢

Y, = Density of the oxygen/density of the gas phase
Y, = Density of the unburnt solid;density of the solid
Z = Pre-exponential factor

Greek letters
g = Zel'dovich number
€ = Mass flux fraction
p = Density
# = Dynamic viscosity
v; = Stoichiometric coefficient
¢ = Void volume/total volume
9., = Equivalence ratio

Subscripts

a=Ash
f = Final value (x = + )
g = Gas phase

gp = Gaseous products
i = Initial value (x = — )
s = Solid phase

us = Unburnt solid
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Smoldering Combustion Analyses
by

Sudip S. Dosanjh
ABSTRACT

Smoldering combustion propagation through very porous
solid materials is examined. The proposed application is an
experiment for use on the Space Shuttle. Due to the
microgravity environment, smolder propagation is assumed to
be one~dimensional. Two configurations are considered: (1)
cocurrent, premixed-flame-like or reverse ; (2) counter-
current, diffusion-flame-like or forward.

In cocurrent smoldering combustion, both forced and
free flow are analytically represented. It is assumed that
the propagation of the smolder wave is steady in a frame of
reference moving with the wave. Smoldering is described by a
finite-rate, one-step, oxidation reaction and radiation heat
transfer is incorporated using a diffusion approximation.
The dimensionless equations are very similar to those
governing the péﬁpagation of a laminar premixed flame. A
straightforward extension of the activation energy
asymptotics analysis presented by Williams yields an
expression for a dimensionless eigenvalue, A, thus
determining the final temperature, T¢. A global energy
balance then determines the smolder velocity, v. Explicit
expressions are derived for the smolder velocity, v, and the

final temperature, T¢. An approximate extinction criterion
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1

is identified.

A model of unsteady, forced, countercurrent smoldering
combustion is also presented. Smoldering is represented
utilizing a two step mechanism consisting of a pyrolysis
reaction followed by a char oxidation reaction. A "flame"
sheet approximation is used to model the oxidation reaction.
It is assumed that pyrolysis occurs at a known temperature,
Tp. Because the two reaction zones move at different
velocities, countercurrent smoldering is unsteady. Two cases
are considered: (1) no residual ash, y M =0, and (2) an ash
layer forming beneath the oxidation zone, Yy M;#0. The
residual ash serves as insulation, and its presence leads to
higher peak temperatures. Explicit expressions are deriQed

for the oxidation velocity, v, the maximum temperature, T,

and the pyrolysis front velocity, Vpe

) /97.—

Patrick J. Pagni
Chairman, Thesis Committee
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CHAPTER 1

INTRODUCTION

1.1 PHENOMENON OF INTEREST

Smoldering is defined as a heterogeneous oxidation zone
propagating through a porous fuel [1]. Oxygen diffuses to
the surface of the solid where it is adsorbed [2]. A highly
exothermic reaction ensues. The products of combustion
(primarily CO,, H,0 and CO) desorb and diffuse away from the
surface. Many materials can sustain smoldering. These
include coal [3,4], cotton [5,6], paper [7]1, polyurethane
foams [8-11], wood [12-14], thermal insulation materials
[15] and various dusts [16,17]. If the host material is
sufficiently permeable, smoldering is not necessarily
confined to its outer surface. A self-supporting exothermic
reaction zone can pass through the substance [1]. Oxygen
reaches the reaction zone by convection and diffusion.
However, such a scenario is not valid for all porous
materials. Upon being heated, some substances decompose into
a "liquid" tar [8], restricting the flow of air through the
material and consequently inhibiting the propagation of such
a smolder wave. Smoldering combustion can be prevented in
some materials by adding sulfur [6,18].

There are two distinct classifications for the one-
dimensional propagation of a smolder wave - see Figs. 1-1

and 1-2. The reaction zone travels downward when smoldering
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is initiated at the top of the material, moving in the
direction opposite to the flow of air, corresponding to

reverse smolder. This configuration is also referred to as

. cocurrent or premixed-flame-like because the fuel and the

air enter the reaction zone from the same direction. On the
other hand, the reaction zone travels upwards when
smoldering is initiated at the bottom, moving in the same
direction as the air flow, corresponding to forward smolder.
In this case the fuel and the air enter the oxidation zone
from opposite directions. This configuration is also
referred to as countercurrent or diffusion-flame-like.

If the inlet gas velocity, u;, is held fixed, smolder
propagation in the cocurrent configuration becomes steady
and the burning velocity reaches a constant value [2,19,20].
While almost all of the oxygen reaching the reaction zone is
consumed, a considerable amount of solid remains behind in
the form of a residual ash. This ash serves as insulation,
letting fairly weak smolder waves propagate [20]. Because
all the available oxygen is consumed, the amount of heat
released in the oxidation zone is proportional to the oxygen

o
mass flux, My

" . . . . - ¢
ois increasing linearly with mg;.

. The smolder velocity is highly dependent on
m On the other hand, the
peak temperature is only weakly dependent on hgi, increasing
logarithmically with my; [2,20,21].

Smolder propagation in the countercurrent configuration

is unsteady [19]. This unsteady behavior is due to the

presence of two reaction regions. A pyrolysis reaction zone
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moves upwards through the solid leaving behind a fairly
black char. Oxidation of this char in a thin zone provides
the energy required to sustain smoldering [19]. As in a
diffusion flame, all of the available fuel and oxygen is
consumed in the oxidation zone [2,19]. Therefore, the char
oxidation speed is fairly constant and is proportional to
the incoming oxygen mass flux, with the proportionality
constant determined from stoichiometric conditions. Because
the pyrolysis reaction is endothermic, the motion of the
pyrolysis front is‘very dependent on heat transfer from the
oxidation zone. In the absence of heat losses from the sides
of the cylinder, the pyrolysis front velocity approaches a
constant value, which is, in general, several times larger
than the char oxidation speed [19]1. Consequently,
countercurrent smolder propagation is inherently unsteady.
Another important difference between the two
configurations is the direction in which energy is convected
by the gas. In the cocurrent configuration, hot gases
produced in the reaction region flow into the burnt solid.
Consequently, heat transfer by radiation and conduction must
provide the energy required to preheat the unburnt solid. In
the countercurrent configuration, energy convected by the
gas phase raises the temperature of the unburnt material.
Therefore, in the absence of heat losses, temperatures
encountered in the countercurrent configurétion are higher

than those encountered in cocurrent smolder.
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1.2 RELATED STUDIES

Early work in smoldering combustion was conducted by
Palmer [17], who measured the rate of smolder spread in
various dust trains and heaps. Since then, researchers have

studied smolder propagation in a wide variety of

configurations. Cocurrent smoldering combustion has been

examined experimentally using polyurethane foams [221,

cellulosic insulation materials [19] and packed beds of

‘alpha-cellulose fibers [23] as fuels. Ohlemiller et al [20]

developed a large computer code to investigate unsteady,
cocurrent, smolder propagation in flexible polyurethane
foams. A pulse of radiation was used to initiate smoldering
at the top of the porous fuel. Two reactions (pyrolysis and
oxidation) were included in the analysis. The solid and the
gas were presumed to be in local thermal equilibrium (that
is, Ts=Tg) and radiation heat transfer was incorporated
using a two-flux model. Because their method required
expensive finite element calculations, Ohlemiller et al
concluded that a primary use of this model is to study the
initiation of smoldering combustion.

Relatively little attention has been given to
smoldering combustion in the countercurrent configuration
[1]. Ohlemiller and Lucca [19] conducted an experimental
investigation of this problem using cellulosic insulation as
a fuel. Summerfield et al [24] presented a one-dimensional
numerical model of smolder spread in a cigarette during

steady draw. Two reactions were included, pyrolysis and char
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oxidation. Because the wrapping paper burns back, a
significant amount of air bypasses the hottest part of the
char oxidation region. Consequently, cigarette smolder is
much more complicated than the countercurrent smoldering
scenario depicted in Fig. 2-2.

Several researchers [25-27] have investigated
countercurrent propagation within the context of coal
gasification in a packed bed. A large number of reactions
were included in these analyses. One of the most complete
numerical solutions was presented by Winslow [25]. In his
unsteady, one-dimensional model, different gas and solid
temperatures were used and concentrations of eight chemical
species, two forms of water (surface and interior), coal and
char were calculated. Good agreement between measurements
and calculations was reported. However, due to the
complexity of the solutions, it is difficult to determine
which mechanisms dominate the movement of the six reaction
fronts.

Steady smolder spread in horizontal, cylindrical,
alpha-cellulose and polyurethane, fuel elements was examined
by Moussa ét al [28] and Ortiz-Molina et al [29],
respectively. The gas and the solid were assumed to be in
local thermal equilibrium. The material was divided into two
regions, an isothermal char-oxidation zone, the length of
which was determined empirically, and a pyrolysis zone. Two
competing reactions were used to model pyrolysis. Good

agreement between the predicted and measured extinction



limit was reported.

Muramatsu [30] formulated a model of evaporation-
pyrolysis processes inside a cigarette. No attempt was made
to model the burning region. Energy convected by the gas
phase was considered negligible and the smolder speed was
determined experimentally. Since the burning velbcity was
known a priori, the mathematical formulation was an initial
value problem and a Runge-Kutta integration technique was
used. Another study concerned with modeling the smoldering
of cigarettes was carried out by Baker [31]. Empirically
determined temperature profiles and gas species
concentrations were used to find the net rate of chemical
production of heat and the consumption of oxygen.

Recently, Leisch et al [32] modelled the steady
smoldering combustion of dust layers in a quiescent
atmosphere. Two reactions (pyrolysis and char oxidation)
were considered. The oxygen supply was considered uniform.
Consequently, there was no need to consider gas species
equations. The smolder velocity, which is an eigenvalue of
the problem, was determined by a trial and error numerical
integration.

A fairly complete mathematical formulation of the
smoldering combustion of a porous solid comprised of
spherical particles was presented by Ohlemiller [11. Packed
bed correlations were used to describe heat and mass
transfer between the particles and the bulk gas. Because the

particle pores are small, the motion of the gas within the



pores is independent of the motion of the gas outside the
pores. Mixing in the bulk gas phase is assumed to be
vigorous enough so that the properties of the gas phase are
uniform over distances comparable to the size of a typical
”bérticle. Conseqﬁéﬁgiy, the tempéfafﬁgerand species
concentration profiles in the particles are spherically
symmetric. Since energy and species equations must be solved
for each particle present, the primary use of this model is
"to elucidate the physics of smoldering combustion. There is
virtually no hope of obtaining solutions to these equations.
Ohlemiller also presented a set of equations governing
smolder propagation for cases in which distances
characteristic of changes in temperature and species
concentration are much larger than the diameter of a typical
particle. The solid and the gas within the pores can be
treated as one component and the gas outside the pores as
the other component. The formulation consists of two energy
equations, one equation for each solid phase species, two
equations for each gas phase species and a momentum

equation.

1.3 THE PRESENT CONTRIBUTION

Activation energy asymptotics are used to study forced
cocurrent smoldering combustion in Chapter 2. It is assumed
that the propagation of the smolder wave is one-dimensional
and steady in a frame of reference moving with the reaction

zone. Smoldering is represented using a finite-rate, one-



step reaction. A non-oxidative pyrolysis reaction can be
included in the analysis. However, for steady smolder, the
presence of such a reaction will have only a small effect on
the temperature profiles. The dimensionless equations are
very similar to those governing the propagation of a laminar
premixed flame. A straightforward extension of premixed
flame analyses [2,33] yields an expression for a
dimensionless eigenvalue,J\,, thus providing a relationship
between the initial oxygen mass flux, fngi= Yoi¢Pgiui' and
the final temperature, T¢. A global energy balance then
determines the smolder velocity, v. Theoretical predictions
are compared with the experimental findings of Rogers and
Ohlemiller [21] and with the calculations of Ohlemiller et
al [20].

A model of unsteady countercurrent smoldering
combustion propagation is developed in Chapter 3. Smoldering
combustion is represented using a two-step mechanism
consisting of a pyrolysis reaction followed by a char
oxidation reaction. A "flame"™ sheet approximation is used to
model the oxidation reaction zone and it is assumed

pyrolysis occurs at a known temperature, T Because the two

p*
reaction fronts move at different velocities, countercurrent
smolder propagation is unsteady. Two cases are considered:

(1) no ash residue ; and (2) an ash layer building below the
smolder wave. The residual ash serves as insulation, leading

to much higher peak temperatures. The range of validity of

the solutions is identified and explicit expressions are
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derived for the char oxidation velocity, v, the pyrolysis

front velocity, v and the maximum temperature, T in the

p’ m’
limit of long time. Predictions are compared with
measurements by Ohlemiller and Lucca [19].

In Chapter 4, the effect of buoyancy on cocurrent
smoldering combustion is investigated both experimentally
and theoretically. Buoyant forces, which are proportional to
the product, g(f%i-f%), can be controlled experimentally by
varying either the gravitational acceleration, g, or the
density difference, fgi'ﬁ;' The latter approach is followed
in the work presented here. By changing the ambient
pressure, the density of the gas and consequently, the
buoyancy force, is varied. The rate of smolder spread
through a packing of alpha-cellulosé is measured for air
pressures ranging from 0.5 to 1.2 atmospheres.

A model of cocurrent smoldering combustion under free
flow conditions is alsoc presented in Chapter 4. In one
dimension, the gas velocity is determined from the
conservation of mass - as a function of the inlet gas

velocity, u Since the pressure varies by a small amount

ie
over distances comparable the thickness of the smolder wave
[1]1, the transport equations can be solved before
considering the momentum equation. Explicit expressions for
the smolder velocity, v, and the final temperature, Ts, are
derived by using activation energy asymptotics. Both

eigenvalues, v and Tgs are functions of u The quantity,

it

u is then estimated by using an integral momentum

i’



analysis. The smolder velocity is found to increase as the
ambient pressure was increased. Good agreement between
predictions and experiments is observed.

A series of ground based experiments designed to test
the predictions of the present models are proposed in
Chapter 5. Possible comparisons between measurements and the
theory are discussed. It is anticipated that these
comparisons will establish the range of validity of key
assumptions in the analyses (such as the one-dimensional
propagation approximation) and will hopefully lead to

improvements in the current theory.

11
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CHAPTER 2
FORCED COCURRENT SMOLDERING COMBUSTION

2.1 INTRODUCTION

A schematic of the problem under consideration is shown
in Fig. 2-1. A gaseous oxidizer with an initial oxygen
concentration, Y, i, an inlet velocity,.ui, and an initial

temperature, T flows upwards through a porous combustible

it
solid with void volume fraction{giﬁ . The solid and gas
fractions have initial densities, ng apd ng( respectively.
Buoyancy is included and shown to be negligible in the
proposed application of a smoldering cémﬂustion'experiment
for use on the Space Shuttlef;A planar‘ignit;dh source 1is
used to initiate smoldering ét the top of the solid. The
smolder wave propagates downward opposing the upward flow of
oxidizer. Because the oxidizer and the fuel enter the
reaction zone from the same direction, this configuration is
often referred to as cocurrent or premixed-flame-like. While
all of the oxygen is consumed in the reaction zone, a
considerable amount of solid remains [l]. Energy released in
the reaction 2zone is transferred upstream by conduction and
radiation, providing the energy required to preheat the
solid and the gas.

Smoldering combustion in the cocurrent configuration

has been investigated experimentally using polyurethane foam

[9], cellulosic insulation [19] and alpha-cellulose [23], as

OR3MNAL PAGE IS
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REGION I: RESIDUAL CHAR AND
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FIG. 2-1: Cocurrent smoldering combustion viewed in a frame

of reference moving with the smolder wave.
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fuels. The present study is intended to compliment the
earlier work of Ohlemiller et al [20], who developed a large
computer code to investigate unsteady, one-dimensional,
cocurrent smolder propagation in flexible polyurethane
foams. Because their method required expensive finite-
element calculations, Ohlemiller et al concluded that a
primary use of their model was to study the initiation of
smoldering combustion.

A primary goal of this study is to use activation
energy asymptotics to conduct a parametric investigation of
cocurrent smoldering combustion. The dimensionless equations
are very similar to those governing the propagation of a
laminar premixed flame. A straightforward extension of the
premixed flame analysis presented by Williams [2] yields an
expression for a dimensionless eigenvalue, A , providing a
relationship between the initial oxygen mass flux, hgi=
¢Yoi€giui' and the final temperature, T¢. The smolder
velocity, v, is then determined by balancing the energy
released in the oxidation zone with the energy required to

preheat the solid and the gas from T; to Tg. Both v and T¢
I/

~are highly dependent on hoi' This is due to the oxygen

limited nature of cocurrent smoldering combustion. That is,
all of the incoming oxygen is usually consumed and the total

(¥4
energy available is proportional to mg;.

Theoretical pre-
dictions are compared with the experimental finaings of
Rogers and Ohlemiller [9] and with the calculations of

Ohlemiller et al [20]. The influence of buoyancy is
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TABLE 2-I: Typical smolder characteristics.

Quantity of Interest

smolder velocity, v

s

initial gas velocity; 61

peak temperature, Tf
smolder wave thickness
inverse equivalence ratio, r

n

solid mass flux, Mg

“l
gas mass flux, Mg

solid mass fraction, €

gass mass fraction, €4

eq

Magnitude?
&(0.01 cm/sec)

 &(0.1 cm/sec)

350-500 C
2-3 cm
&(0.03)
@(0.0004 gm/cm?s)
©(0.0001 gm/cm?s)
&(0.8)
&(0.2)

a. Order of magnitude estimates given in refs.[9,20].



FIG. 2-2a:-Electron microscope photograph of a GM-25

polyurethane foam.
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FIG. 2-2b: Electron microscope photograph of an

cellulose fuel bed.

alpha-
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discussed in section 2.5,

2.2 ANALYSIS
2.2.1 Assumptions

Typical values oﬁ»several key smolder characteristics,
including the smolder velocity, v, and the peak temperature,
Tf, are given in given in Table 2-1. Electron microscope
photographs of two solid fuels, a GM-25 polyurethane foam
and a packed bed of alpha-cellulose, are shown in Figs. 2-2A
and 2-2B, respectively. Both of these materials have been
used in recent experimental investigations [9,20,21,28,29]
of smoldering combustion. The polyurethane foam is composed
of large contiguous bubbles whose diameters are on the order
of several hundred microns. On the other hand, the alpha-
cellulose is formed by interlaced fibers, roughly one-
hundred microns long and ten microns in diameter.
Many fuels of interest are very porous, and consequently,
conduction is a relatively poor mode of heat transfer [19].
Thus, radiation heat transfer is often important despite the
relatively low temperatures encountered in smoldering
combustion - peak temperatures are usually between 350 and
500°C [20]. While radiation is important in polyurethane
foams, it is approximately negligible in tightly packed beds
of alpha-cellulose. In the following analysis, a diffusion
approximation is utilized to model radiation heat transfer.
That is, the radiation heat flux is incorporated using a

temperature dependent conductivity ([34-36].
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Smoldering combustion is represented by a finite rate,

one-step reaction,
Yys (Unburnt Solid) + Y, 0, —*
yaAsh + Yg,(Gaseous Products) + QMg . (2-1)

Reaction mechanisms for alpa-cellulose, GM-25 polyurethane
foam, wood dust and cellulosic insulation are discussed in
Appendix A. Ohlemiller and Lucca [19] reported that a one-
step oxidation reaction adequately describes the cocurrent
smoldering of cellulosic insulation materials. Ohlemiller et
al [20] modelled the smoldering combustion of a polyurethane

foam by utilizing two global reactions,
Y, (Unburnt Solid) + Y5105 —F

Y.Char + Ygp1 (Gaseous Products) + QYy1Mgy (2-2)

)
and

))CChar + ))0202 ———lp

VaAsh + vgpz(Gaseous Products) + Q),-M5> (2=3)

However, since the second reaction (oxidation) was much
faster than the first reaction (pyrolysis), their two step
reaction mechanism can be well approximated py Egq.(2-1). The
following asymptotic analysis can be modified to include a
non-oxidative pyrolysis reaction. Because the amount of
energy consumed by pyrolysis is much smaller than the amount

released in the reaction zone, for steady smolder, the
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presence of such a reaction will have a small effect on the
temperature profiles.

Additionally, the solid phase is considered continuous
with a constant void volume fraction. Propagation of the
smolder wave is assumed to be one-dimensional and steady in
a frame of reference moving with the smolder wave. Fick's

Law is used to model the diffusion of oxygen. The gas and

the solid are presumed to be in local thermal equilibrium. A

criterion for checking the validity of this equilibrium

approximation is derived in Appendix B. Energy transport due

to concentration gradients, energy dissipated by viscosity,
work done by body forces and the kinetic energy of thé gas
phase have been ignored. Because the mass diffusivity of
oxygen in air, D, increases with temperature and decreases
with pressure [37], the quantity, fbD, is taken to be
constant. It is also assumed that properties, such as the
gas phase thermal conductivity, kg, the solid phase thermal
conductivity, ks' the gas phase specific heat, Cgr and the

solid phase specific heat, ¢ remain constant.

sl
2.2.2 Governing Equations

Equations governing heat and mass transfer in a porous

medium are derived in Appendix C. In a frame of reference

"

moving with the smolder wave, hs

(1-9)Psv . Since the
smolder velocity is usually at least an order of magnitude

smaller than the gas phase velocity [9,19,20] ,' r'n;n ¢Pgu .

1

oi to be treated as a known

This assumption allows m

o ¥

. , . LR .
quantity. The conservation of mass requires that Y (=m;+mg)

20



remain constant. Mass flux fractions are defined by:

",

Do

€ ” O (2-4)
o]
€y = s (2-5)
us ’On'l y

1 dYe (2-6)
€o = yor! ‘_¢YoF,‘)u- p %sz-l
Symbols are defined in the nomenclature. Equation (2-1)
gives
1 de“’ b i. deo - 1 d—é -t ___—-—-1 4& (2-7)
Yo dx %Mo 3X (M M) A4 g W) -
Species conservation for oxygen requires
déo . _ %My 7 (2-8)
AX v’ )

and integrating the conservation of energy gives

- ‘ ar
Wl (T-T) - (kg kad)ix = QW'(eg-€,) , @77

where Eq.(2-8) has been used to eliminate the reaction rate
from Eq.(2-9). The effective thermal conductivity, kg ee=

1)) kg+(1f ¢)ks, accounts for heat transfer due to conduction
in both gas and solid phases. Radiation heat transfer is

incorporated using a temperature dependent conductivity,

21



TABLE 2-11: Typical properties of a polyurethane foam and a
packed bed of alpha-cellulose.

polyurethane® alpha-cellulose®
@ 0.97 0.90
Ps; l[kg/m3] | 1150 620
cg [kI/ (kg K)] 1.7 0.84
Kepg [W/m KI 0.047 0.050
Kpag(T;) [W/m K] 0.005 0
E [kJ/molel 155 (140)P 180
Q [(kJI/kg] 12,300 (7,600) 12,500
z 101%m3/kg s 3 x 10%m1-3/kg%-5k0+3s
a , I S , . 0.5
b 1 1
c 0 0.5
Vapilap 3.7 1.4
Vo Mo

a. Properties given in refs. [20,39]. The value given by
Ohlemiller et al [20] is shown in parenthesis whenever it
differs from the value listed above.

b. Shown in the parenthesis is the activation energy for the
first reaction in the two-step model in ref. [20].

c. Properties given in refs. [21,28,40].
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_ 3 . .. c o s
krad—16o‘[rT /3. For simplicity, it is assumed that an
effective heat capacity, Caff™ éscs+-€gcg, remains constant.
. XA
The reaction rate, r , is assumed to depend on the
oxygen mass fraction, the solid fuel present and the

temperature in an Arrhenius form,

. -E/RT
r s Z(Y"‘%)Q(Yus&)ch e (2-10)

where a,b and ¢ are arbitrary constants. The oxygen mass
fraction is determined from the definitioh of the oxygen
mass flux, Eqgq.(2-6). The conservation of momentum, which is
discussed in the appendix, and an equation of state, P=ngT,
complete the preceding set of equations. Because the
pressure varies by a small amount (1], the transport
equations can be solved before considering the momentum
equation. Properties of a polyurethane foam and a packing of
alpha-cellulose are given in Table 2-II.

The following boundary conditions are imposed on

Egs.(2-6,2-8,2-9):

a5 X —¢ -00 €o— €, (2-11)
€.+ O
G5 X = +00 N, =+ O (2-12)

Two boundary conditions are imposed on Eqg.(2-6). The second
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TABLE 2-I11: Dimensionless parameters governing forced
cocurrent smoldering combustion. In addition to the
following parameters, Tegr a, b, and ¢ must be specified.

QN,i Dimensionless measure of
D = oL the energy released in the
Q T: reaction zone (varies from
AL 0 to 40)
Kete 1; Modified Lewis number
Le - (varies from 0.05 to
& P‘Q.D QY infinity)
l66’,Q‘T;3 Dimensionless radiation
NR‘ conductivity (usually less
3)(“‘ than 0.1)
9 MB Measures the amount of gas
- pNap . produced in the reaction
?‘5 ( %—" 13\{0\ zone (varies between 0.1
oMo and 1.0)
/ E Dimensionless activation
6 2 = enerqgy (varies between 50
KT, and 70)

1ra BT Dimensionless pre-
AT, Pined c

Y \’,N\oZ(RKaA exponential factor
..A.’ (usual}g lies between 10
)

' 11‘1 (EQ}'M [¢Dt3d and 10

8




boundary condition, which requires that all of the incoming
oxygen be consumed, will determine T¢ . Setting T=Tg¢, EO=0

and dT/dx=0 in Eg.(2-9) gives

I"

cl'“oi _ ¢{%iui
(1-8) e (T T (L-0)h, -

(2-13)

After solving for Tg, Eg.(2-13) will determine V.
2.2.3 Dimensionless Governing Equations

A characteristic distance, X.= keff/h”ceff' is chosen
by balancing convection and diffusion in the energy
equation, thus eliminating one dimensionless parameter.
Typically, kegs v0.05 W/m K, m~0.005 kg/m?s, and copp »1
kJ/kg K, giving x.~ 0.01 m. Because the definition of x.
does not account for radiation, X, is somewhat smaller than
the smolder wave thickness given in Table 2-I. Since all of
the oxygen is consumed, the oxygen mass flux and the oxygen
mass fraction are normalized by their initial values. A
dimensionless temperature is defined by'i= (T—Ti)/TC.
Setting T = Tj eliminates the parameter, T./T;, which arises
from the nonlinear terms in the governing equations. This
choice for T, also makesla an O(1) gquantity - see Table 2-1.

The dimensionless parameters governing cocurrent
smoldering are listed in Table III. Parameter ranges given
in Table 2-1I1 were estimated from the properties tabulated
in Table 2-II. Note that the asymptotic analysis is only
valid when the Zeldovich number, § = # Tg/ (1+Tg) %, is large

( 8>10) [2], roughly corresponding to £I>50. The

25
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dimensionless radiation conductivity, Np, is artificially
low because it is based on T; rather than Tg. A critical
value of the dimensionless heat release, D,, below which
steady solutions cease to exist, will be identified.
Dividing Egs.(2-6 and 2-8) by Eqg. (2-9) eliminates the
spatial coordinate,'i. In terms of the new coordinate,.E,

the governing equations are
T' ?4(1'205 d?‘;
, — o= - "W, (2-14)
LrNg(147) 9T

and
T-T(1-E) d%
LT, [1+ Na(h?)"j dT

The dimensionless reaction rate is given by

SAEYEN TR

B'(7-T)
(2-16)

w: AY a[l a1 ‘B‘lb(f N
= o - - + ﬁ -
all- 1 FEa ) |
where
~ /l*'a-.

AR T,
s eA - —
A Lo TR )

In terms of E, the boundary conditions are:

/
ﬁ (2-17)

as T = 0 (R -oo) €or | (2-18)
_ €0

as T—r T, (R — (2-19)
£ - +00\ \(D-»Q

After solving Egs.(2-14 and 2-15), the spatial coordinate,
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%(T), is determined by
1+ N (1sTY 4T
T-T, (1-8) &%

= 1 . (2-20)

Eq. (2-13) gives a relationship between a dimensionless
smolder velocity,'VEv/vc, and the dimensionless final
temperature,-Tf=(Tf-Ti)/Ti,

1 1

—_— = — (2-21)

v
Ve

where a characteristic smolder velocity,

7
Q Moi (?-22)
o T: >

is chosen by balancing the energy released in the reaction

VL =

zone and the energy required to preheat the solid, thus

eliminating one parameter from the above equation.

2.3 ACTIVATION ENERGY ASYMPTOTICS

Typical values of the Zeldovich number,‘g , encountered
in smoldering combustion are fairly large. From the argument
of the exponential in Eq.(2-16), the reaction rate is
significant only when 1- g—li'ﬁlffi 1, corresponding to the
(inner) Region II in Fig.l. The outer region consists of the
point T= Ef, Region I in Fig.l, and Region III in Fig.l,
0< E/ff < 1- p'l. In the outer regions, the reaction rate is

negligible and diffusion is balanced by convection. Because
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the inner region is very thin, diffusion dominates
convection, and consequently, the source terms in the
governing equations are balanced by diffusion.

In Region III, W0 and Eq.(2-14) yields Zfo=l.

Substituting -éo"'l into Eq.(2-15) and integrating once gives
T

- - = 2-23

o =1 €*P‘- Le Te % [1+ Ng(1+ 1)) d'\‘l_ 122

T
For Ng=0, Eg. (2-23) gives ?o= 14§Le. Note that the integral
in Eq.(2-23) diverges as T 0. Therefore, 'T’O-v 1 as T=+0. A
stretched variable is defined, S = ﬁ Ufﬁlff). Expanding ?o

and €, in terms of 1/B8 gives

- RNA !
Yo = (33 Yo + 5(;‘:) , (2-24)
and
z . g0 4 _
éo = Eo r C?{‘5) . (2-25)
Matching conditions are: -
=0
Gs S too € 1 (2-26)
€ +o0 o
- _ -
as 35O 7, + 0

In the inner region, Egs.(2-14,2-15,2-16,2-17) yield

(to leading order)
20 a"é'o A S b 5
7° [ - [Y-X 1_( (l-—b -~ _

and
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FIG. 2-3: The function f(b,req) plotted versus the inverse

equivalence ratio, Yeoqg’ for various values of Db.



. L?—T_G [1 ¥ Nk(if?f-)}]. (2-29)

o |2l

Integrating Eq. (2-29), substituting the resulting expression
into Eg.(2-28), applying the matching conditions and
integrating once yields
1va
B F(5>Q4>

A - = 140, (2-30)
le® T [ 1+ N(1eT,Y) Plvd)

where

tdt
A 11 ’ﬁq(i‘fj]b .

HB,Q.Q = (2-31)
Because the oxygen consumption of a typical smolder wave is
only a few percent of that required for stoichiometeric
burning, the inverse equivalence ratio, Leq™ vusMuseoi/

Y oMo €usir is fairly small [19,20]. As shown in Fig. 2-3,
f(b,req) +1/2 in the limit r  + O.

q
2.4 GENERAL SOLUTION
2.4.1 Fields
Because all of the incoming oxygen is consumed in the
reaction zone, the total heat release is proportional to the

. s d .
initial oxygen mass flux, m’ . Both the smolder velocity, v,

oi
and the final temperature, Tg, are highly dependent on ﬁgi.
Since Tf appears in Egs.(2-14,2-15,2-16,2-20), varying hgi
affects the dimensionless oxygen mass fraction, &6(&), the

dimensionless oxygen mass flux, Eo(i), and the
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DIMENSIONLESS OXYGEN MASS FRACTION, Yo’Yo,Yoi

1.0 —————

8.5

Lez 025
Le : 0.50
l¢=0.75

9.0 ]

6.8 .5
| " NORMALIZED TEMPERATURE, T/T¢

FI1G. 2-4: Dimensionless oxygen mass fraction,'§6=Y°/Yoi,

versus normalized temperature, T/Tg, with Np=0.1, £’=60,

P d

A=

1.9

-—

DIMENSIONLESS OXYGEN MASS FLUX, €= €5/ €04

1010,

a=1l, c=0 and req=0. Also plotted is the dimensionless oxygen mass

flux, € o= €,/€ois Versus T/T¢, for a=1 and rgq=0. The

dimensionless parameters are defined in Table 2-I1I.
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dimensionless distance, i(&). These profiles depend on Le,

7 o
Ng, T ﬂ, J\, a, b and ¢c. Since r is usually small, the

eq’ eq
various profiles are weakly dependent on Teq and b. Results
presented in the following discussion are for the limit reqﬁ
0, and consequently, the solutions are independent of both
roq and b.

When éo is plotted as a function of normalized
‘temperature, ?/;f, the resulting curves depend on only two
parameters, the Zeldovich number, 8 = Ihif/(l+fé)2, and the
constant, a. As evidenced by Fig. 2-4, the incoming oxygen
is consumed in a narrower region as ﬁ is increased. Also
plotted in Fig. 2-4 is?o versus E/Ef, parameterized in Le,
for Np= 0.1,:R = 1010, a=1 and c=0. The modified Lewis-
number, Le, measures the thermal thickness relative to
oxygen diffusion thickness. The preceding analysis only
valid when the diffusion thickness is much larger than the
thickness of the reaction zone, roughly corresponding to
Le <K é When Le "’,A , the dimensionless oxygen mass fraction
is 0(1) in the reaction zone and smoldering is kinetically
controlled [38]. For polyurethane, with u;=0.2 cm/s and P =1
atm, the criterion for diffusion controlled smoldering is
¥,i;>>0.02. For a packed bed of alpha-cellulose, the
criterion is Y, ;>>0.01.

After ascertaining the dependence of Eo on—"I‘, Egq. (2~

20) is utilized to determine T as a function of the

dimensionless distance, x. Typical temperature profiles,
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parameterized in Ny and ﬂ: for A= 102, a=1 and c=0, are
shown in Fig. 2-5. Raising the dimensionless radiation
conductivity, Np, decreases the final temperature and
increases the thermal thickness of smolder zone. On the
other hand, increasing p leads to greater final
temperatures. Note that E}Ji) and ?5(2) can be constructed
by combining Figs. 2-4 and 2-5. Results from such a
calculation are shown in Fig. 2-6.

At this point in the analysis, quantities of secondary

interest, such as the gas phase velocity, u can be

il
calculated. Integrating Eq. (2-7) and utilizing Eqgs.(2-4,2-

11) gives
VAR [1“'"\'][1*?3(1-?0)}_’ (2-32)

where a normalized gas velocity, u= u/ui, has been defined.

over most of the domain, U increases linearly with T due to

gas phase expansion. However, as T approaches Ef,'h
increases dramatically because of gas generation in the

reaction zone. In the limit r -+ 0, U depends on four

q

/ - - - -
parameters, B, a, Pyr and T¢. Setting T=T¢ and € =0,

Eq.(2-32) yields
i = 1 +T‘][1+'?ﬁ}) (2-33)

thus determining the final velocity,'af.
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DIMENSIONLESS PRE-EXPONENTIAL, A X 10~10

FIG. 2-7: Dimensionless final temperature, Te=(Tg-T;)/T;,
A
versus the dimensionless pre-exponential factor, A , with a=1,

c=0, and req=0.
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FIG. 2-8: Downstream temperatures in polyurethane predicted
by the present analytic model, for the properties listed in Table
2-11 (=) and those given by Ohlemiller et al (-s=), measured by
Rogers and Ohlemiller and calculated by Ohlemiller et al (O).
Measurements are for the following conditions: u;=0.04 cm/s, Y,i=
0.23 (+) and Y, =0.44 (A): uj=0.15 cm/s, ¥55=0.44 (x). Also

shown in the figure are predictions for cellulose (--).
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2.4.2 Final Temperature and Smolder Velocity
- 7/
A key result of this analysis is Tg(Ng, 3,X,a,c) . In

the limit req-PO, Egs. (2-30 and 2-31) give

T "jélfﬁ )
-~ - ira - atrtael ¢
A[lng(hT‘\}] (1+7,) ) - % (2-34)

A plot of Tf=(Tf-Ti)/Ti versus J{, parameterized in the
dimensionless activation energy, },, and the dimensionless
radiation conductivity, Ngr for a=1 and c=0, is shown in
Fig.2-7. As the reaction rate is increased, by either
raising the pre-exponential, ]C, or lowering the activation
energy, ﬂl, T¢ decreases and the smolder velocity, %, which
is inversely proportional to E}, increases. That is, the
material burns faster when the reaction rate ié higher.

For a given fuel, Ef decreases logarithmically with.j[.
Therefore, T¢ increases logarithmically with the initial
- oxygen mass flux, hgi' as shown in Fig. 2-8. Also indicated
are measurements by Rogers and Ohlemiller [9] and
calculations by Ohlemiller et al [20] for polyurethane.
Ohlemiller et al attributed the discrepancy between their
predictions and experiments to uncertainty in the base
parameter set (see Table 2-I1). When their parameters are
used in this model, as shown by the dot dash line in Fig. 2-
8, predicted values of'if are close to those calculated by
Ohlemiller et al. Results from this study indicate that the
parameters in Table 2-II are a better choice, for they give

much closer agreement between predictions (solid line} and
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DIMENSIONLESS SMOLDER VELOCITY, v ¢+ 1/Dg
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FIG. 2-9: Dimensionless smolder velocity, V+1/Dc, versus the

-—

dimensionless pre-exponential, A, for polyurethane. Smolder

velocities predicted by the present analytic model (=), measured

by Rogers and Ohlemiller (&) and calculated by Ohlemiller et al

(+) are shown.
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measurements. The dashed line in Fig. 2-8 gives the final
temperature for alpha-cellulose.

As shown in Eq.(2-21), the dimensionless smolder
velocity depends only on Do and Ef. The dimensionless
parameter, D., which measures the total energy released in
the reaction zone relative to the amount of energy required

to raise the temperature of the gas from T,

i to Tf, contains

the experimentally observed dependence of Vv on Y, j- For a
given fuel and a fixed initial oxygen mass flux, hgi'
increasing Yoi raises Do, leading to higher smolder
velocities. This dependence of Vv on D. is fairly weak except

near extinction. For Yoi néar 0.23, D. is on the order of 10

c
and therefore, as a first approximation,'%-vlle. Because Tg¢
varies slowly with ﬁgi, v is approximately proportional to

ﬁ" {recall that VCAfﬁgi). Figure 2-9 illustrates the

oi
dependence of V on ]{ for polyurethane. Overall, there is
good agreement between the smolder Qelocities predicted by
this model and those measﬁred by Rogers and Ohlemiller ([9].
Extinction occurs when V=0, corresponding to Tg= D_.

That is, extinction occurs when all of the energy released
is used to heat the incoming gas. Steady smoldering
combustion is possible only when YoiZCeff(Tf'Ti)/Q' For
polyurethane, with u;=0.2 cm/s and P,=1 atm, this criterion
requires that Y¥,;20.05. While for alpha-cellulose this
criterion is Y,;20.03. Note that the presence of heat losses

from the sides of the cylinder will raise this critical

value of Y, ;. When the smolder wave is close to the top of
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the material, heat losses from the top will also have an

important effect on the extinction criterion [20].

2.5 INFPLUENCE OF BUOYANCY

Because the temperature field and hence the buoyancy
varies as the smoider wave spreads, uj; may not be known a
priori. The quasi-steady conservation of momentum for this
system is

@ f-\-f-: = -pau + ﬂ)g(@;-%) . (2-35)

Integrating Eq.(2-35) yields
h h

jna,m - ¢aP v g| ABi-A)Ax 28

h-L hel
where h is the length of region I in Fig. 2-1, L is the
total length of regions I-III and .LP=Pi-Pf is the pressure
drop across the solid, excluding changes in hydrostatic
pressure. While the flow resistance, ags is lower in the
char layer, thé'gas velocity, u, is higher. Therefore, it is
assumed that the quantity agu remains approximately constant
at aguj . A step change in /g from /%i to f%f occurs at x=0.

The initial velocity is then approximated as

»aP & ﬂ%‘ki

N (2-37)
HAdyL ma,L(147,)

Buoyancy can be neglected when gfgih/'AP<< (1¥Tf)f5}. At
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STP, /bin.l kg/m3 and Ef ~1, so that at sea level, with g=
9.8 m/s?, A P/h>> 5 Pa/m suffices while in orbit, with g¥
103 m/s?, ap/h>> 5x10~% Pa/m will suffice. On the other
hand, for polyurethane, buoyancy is negligible if the forced
u;>> 4x10"%m/s at sea level and if u; >> 4x10"8m/s in orbit.
When AP/gf’gih« Ef/(1+'i"f), uj~ 9flgi- Since the smolder
velocity is proportional to the oxygen mass flux, v ~

Y s fgi“i"‘Yoig ﬁ;i' This result agrees with the experimental
finding (see Chapter 4) that v is proportional to P: for

buoyancy driven systems.

2.6 CONCLUSIONS

An analytic model of cocurrent (premixed flame-like)
smoldering combustion propagation has been developed.
Buoyancy was included and shown to be negligible in the
proposed application of a cocurrent smoldering experiment
for use on the Space Shuttle. Because of the microgravity
environment, propagation of the smolder wave was assumed to
be one-dimensional and steady in a frame of reference moving
with the smolder wave. Radiation heat transfer was
incorporated using a diffusion approximation and smoldering
was modelled using a one-step reaction mechanism.

Key results include: (1) fpr a given fuel, the final
temperature depends only on the initial oxygen mass fluk,

X4 LY /4

L increasing logarithmically with ; (2) the smolder

Moi 7
N . . o}/ . o I/
velocity, v, is linearly dependent on m,; and at fixed mg;.,

increasing the initial oxygen mass fraction, Y,;, increases
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v : and (3) steady smolder propagation is possible only for
YoiZceff(Tf’Ti)/Q' with extinction occurring when all of the
energy released in the reaction zone is used to heat the
incoming gas.

The preceding analysis can be modified to allow for

rseveral second order effects. Heat losses from the sides of

the cylinder will affect the extinction criterion,
increasing the critical value of Y,; below which steady
solutions cease to exist. When properties are allowed to
Qary, the equations determining v and Tg¢ will still be
valid, with the properties appearing in these equations
evaluated at T¢ [2,33]. As discussed earlier, a non-
oxidative pyrolysis reaction can also be included in the
analysis. However, for steady smolder, the presence of such
a reaction will only have a small effect on the temperature

profiles.
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CHAPTER 3
FORCED COUNTERCURRENT SMOLDERING COMBUSTION

3.1 INTRODUCTION
Schematics of the problems under consideration are
presented in Figs. 3-1A and 3-1B. A gaseous oxidizer, with

and an inlet velocity, u;

an oxygen concentration, Y ir

oi’
flows upward through a porous combustible medium which has a
void volume fraction, @ . The solid and gas fractions begin
with densities, f;; and fgi’ respectively. At t=0, both the
solid and the gas are at a uniform temperature, T
Smoldering is initiated at the bottom of the material by
applying an external heat flux, g, for 0<t<t,. The smolder
wave propagates upwards, in the same direction as the forced
flow of oxidizer. In a frame of reference moving with the
smolder zone, the solid and the oxidizer enter the reaction
region from opposite directions. Consequently, this
configuration is referred to as countercurrent or diffusion-
flame-like. It is also called forward smolder since the
reaction zone moves in the oxidizer flow direction.

A model of unsteady, forced, countercurrent smoldering
combustion propagation is presented in this chapter.
Smoldering combustion is represented with a two-step
reaction mechanism consisting of a char oxidation reaction

and a pyrolysis reaction. A "flame" sheet approximation is

used to model the oxidation reaction zone and it is assumed



REGION 1: UNBURNT SOLID

Pyrolysis Front
L REGION II: CHAR
Iv .
. | Char Oxidation Front
REGION III: AIR
03 (air flow velocity)
g for

FIG. 3-1A: Schematic of countercurrent smolderin

Case I (no residual ash).

¢,
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REGION 1: UNBURNT SOLID

Pyrolysis Front
b
L REGION 1I: CHAR %
: X
Xv
< Char Oxidation Front -
h REGION III: RESIDUAL ASH

REGION IV: AIR

05 (air flow velocity)

FIG. 3-1B: Schematic of countercurrent smoldering for

case II (an ash layer puilding below the smolder wave).



pyrolysis occurs at a known temperature, Tp. Because the two
reaction fronts move at different velocities, countercurrent
smolder propagation is unsteady.‘Two cases are considered:
no ash residue (see Fig. 3-114), 9aMa=0, and an ash layer
building below the smolder wave (see Fig. 3-1B), YaMaA0. The
residual ash serves as insulation and its presence leads to
higher peak temperatures. The range of validity of the
solutions is identified and explicit expressions are
derived, in the limit of long time, for the char oxidation
velocity, v, the pyrolysis front velocity, vp, and the

maximum temperature, T.

3.2 ANALYSIS
3.2.1 Assumptions

The scenario depicted in Fig. 3-1 is not a realistic
representation of the countercurrent smoldering combustion
of all solid fuels. Some solids will collapse downwards as
the smolder wave propagates. In this study, it is assumed
that the solid remains stationary in a frame of reference
fixed in the laboratory. If the fuel consists of small,
loosely packed, solid particles, this assumption is only
valid in a microgravity environment. Smoldering combustion

is represented by a two-step reaction mechanism,
Vg (Unburnt Solid) + vausMus"'*

Y Char + ygpp(Gas Products) (3-1)

P
and
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VcChar + Y, 0, —»
Ygp2(Gas Products) + ) Ash + QYoM,  (3-2)
. o )

where Qp is the energy required to pyrolyse one gram of
unburnt solid and Q is the energy released per gram of 0,
consumed. Char oxidation is modeled using a "flame sheet"
assumption. It is assumed that the pyrolysis reaction occurs

at a known temperature, T This is a reasonable

p*
approximation for many solids of interest [41,42,44]. For
alpha~cellulose, Tp= 300°C [41]. Alternatively, pyrolysis
can be modeled using Arrhenius-type kinetics [24,25,41].
Such an approach leads to numerical calculations and
requires the specification of kinetic constants whose values
are sometimes ambiguous [41].

The char oxidation zone moves at a constant speed, v,
which is determined by the rate at which oxygen reaches the
reaction region, while the pyrolysis front moves at a
velocity, Vpr which is several times larger than v. Because
the pyrolysis reaction is endothermic [1], motion of the
pyrolysis front is highly dependent on heat transfer from
the oxidation zone, where the energy required to sustain
smoldering is released. Energy is transferred to the
pyrolysis zone by conduction, radiation and gas phase
convection. Typical values of several smolder

characteristics, including the maximum temperature, T the

ml
oxidation velocity, v, and the pyrolysis speed, Vpr are

given in Table 3-I.



TABLE 3-1: Order of magnitude estimates for several smolder
characteristics.

Quantity of Interest Magnitude®
forced gas velocity, uy (1-5) X 10-3 m/sec
oxidation velocity, Vv (1-3) X 10”2 m/sec
pyrolysis front velocity, Vp (5-15) X 10"5 m/sec
maximum temperature, T, 800-900°K

a. Measurements by Ohlemiller and Lucca {19].

Because the solid fuel and the gaseous oxidizer enter
the oxidation zone from opposite directions, all of the char
is consumed in accordance with Eq. (2) before the oxidation
zone moves forward. Therefore, the oxidation velocity, Vv, is
proportional to the initial oxygen mass flux, with the
proportionality constant determined by stoichiometry -
[1,19]. Because v is several orders of magnitude smaller
than the gas velocity, u;, the oxygen mass flux in a frame

of reference moving with the oxidation zone is

approximately, Y ; ¢Pgiui [16]. Thus,

VusMus Yo( giu;
Vo My (1-0)o;

vV = (3-3)

Typically, Yg3~0.23, uj ~0.005 m/s, Pg; ~1 kg/m>, and (1-&)
fgia.40 kg/m3, resulting in oxidation velocities on the

order of 10-5 m/s. For the same conditions, smolder

L9
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velocities encountered in cocurrent smoldering are more than
50 times larger [19]. In a frame of reference moving with
the oxidation zone, the gas phase mass flux, ﬁé, is an order
of magnitude larger than the solid phase mass flux, ﬁéﬁ
Setting"Yoi=0.23 and representing oxidation with the
reaction, C+0,-¥ CO,, Eq. (3-3) vyields ﬁ;/ﬁgq:0.0S. Neglecting
terms involving hg considerably simplifys the governing
equations. Also, since the solid density based on total
volume, (1- ¢)Psi' is much greater than ¢logi' the energy
stored in the gas phase is negligible when compared with
that stored in the solid phase [20,24]."

Additionally, the solid phase is assumed continuous
with a constant void volume fraction. The propagation of the
smolder wave is approximated as one-dimensional. Fick's Law
is used to model the diffusion of oxygen. Radiation heat
transfer is incorporated using the diffusion limit. The gas
and the solid are assumed to be in local thermal
equilibrium. Energy transport due to concentration
gradients, energy dissipated by viscosity, work done by body
forces and thg“kinetic energy of the gas phase have been
ignored. The quantity, ng, is taken to be constant. This is
a reasonable assumption because the mass diffusivity of
oxygen in air, b, increases with temperature and decreases
with pressure [37]. It is also assumed that properties, such
as the gas phase thermal conductivity, kg, the solid phase
thermal conductivity, kg, the gas specific heat, Cgr and the

solid specific heat, cg, remain constant.
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2.2 CASE 1I: No Residual Ash

2.2.1 Governing Equations

After the initiation of smoldering, the coordinate
system moves with the char oxidation region. In this moving
frame of reference, solutions are steady in Region III (x<0)
in Fig. 3-1A. For x>0 (Regions I and II in Fig. 3-12a), the
conservation of energy requires

T
(1-d)bc, Q-I + mac FLYg 2 [“m Koot ox , (374

I x IX
where the effective thermal conductivity, keff=¢kg+
(1- @)kg, accounts for heat transfer due to conduction in
both phases. Radiation heat transfer is incorporated using a
temperature dependent conductivity, krad=1GajﬂrT3/3, wﬁere
fr is the radiation path length. For x<0 (Region III in
Figo3-lA) r
2

-Xa M . ¢ a . KB_T_' (3-5)

59 33 Y ax 2 ox?
Since all of the oxygen is consumed, YO=O for x>0. For x<O0,

conservation of species for oxygen yields

W, . a3 Yo (3-6)
psanmS 9X (-Dax’

Conservation of gas mass gives

.u
(3-7)

W
O

[1+(8-1)HE] ?_g_L

J
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where H(x) is the Heaviside function, which vanishes for x<0

and is equal to 1 for x>0. Noting that all of the incoming

solid is consumed in the oxidation zocne, Eq.(3-1) yields

[1- %™ g0 ]g: | for x>0

P = P P (3-8)

o R for x¢ ©

Because the pressure changes by only a small amount for
these very porous sfstems (1], the ideal gas law gives
egRT=Pa, thus completing the preceding set of equations.

The following boundary conditions are imposed on

I/} . !
Egqs.(3-4 to 3-7): as X+ -0, T+T;, Y Y and Mg Mgj 7 as

X9 +00, dAT/dx +0. The temperature is continuous across both
interfaces. Because ﬁg<<hg, hg is approximately continuous
across both interfaces. It is assumed that smoldering begins
when the temperature of the x=0 interface reaches a critical
value, Tig>Tp>Ti' However, only an approximate value for Tig
is needed since the solutions are independent of the initial
conditions as t+98 ., Conservation of energy at the x=0

interface gives

?I} - ?T\ 4 v
% = KQQX + E"-(T“-Tg>

Xxzot X=0~

| Kees * -‘%’ crf,T:]

' 1 -
+ QP B_E H(T”‘~Ti%\' ﬁ‘ H(fe‘*) (3-9)
7 I J
Xz0~
where Tp is the temperature at x=0. Thus, the maximum
temperature, Tp, is determined by balancing the energy

transported downstream, by conduction and radiation, and the
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energy conducted upstream, radiation heat losses from the
x=0 interface, the energy released in the oxidation zone and-
the external heat flux. Motion of the pyrolysis front is

calculated by equating the energy consumed by pyrolysis and

the net energy transported to the pyrolysis zone, giving

3
v = [kbff + _%6. 6‘2119 ] 2]’\ _ 2'1' (3-10)
- 0
F (1-d) b Qp axx:u xx=L' )

where Vp= dL/dt+v and L is the distance between the two
reaction regions. Initially, both the temperature and the
oxygen concentration are uniform. That is, T(x,0)=Ti and

Y,(x,0)= Y ;. After smoldering is initiated, ¥ (0,t)=0.

2.2.2 Dimensionless Governing Equations

A dimensionless temperature is defined by'ﬁ=(T-Ti)/Tc.
Setting T.=T; makes T of order one and eliminates the
parameter, T./T;, which arises from the nonlinear terms in

the governing equations. The oxygen mass fraction, Y the

ol
gas density, fg, and the gas mass flux, ﬁg, are normalized

by their initial values. A characteristic distance,

Keg<
% = — (3-11)
[ 4 ”. C
nH )

A
and a characteristic time,
2 (1-8)6i &
- — (3-12)
t,. =
Ket ¢ )

are chosen by balancing terms in Eq. (3-4). Typically,



uj ~0.005 m/sec, Pyi~1 kg/m3, (1-4 ) fsi ~ 40 kg/m3, Cg~ Cq
1 kJ/kg K, and kgge~ 0.05 W/m K, giving x_~0.01 m and t_~
80 sec. Thus, the ratio, xc/tc“’0'013 cm/sec, is of the same

order as v, (see Table 3-I). This is to be expected because

p
Vp is determined by heat transfer considerations and both X
and t, were chosen to make terms in the energy equation of
order one.
For x>0, conservation of energy requires
=37 . —= 2 2 [ =3\
= + — - == |1+ i+7 33 3-13
s of T ™R % Ne (1+7) ax , 013
and for x<0,
e ‘)—
— 2T (3-14)

= £ Efi&

> 3 aT
Th F+™ 5%

Since all of the oxygen is consumed,-§o=0 for x>0. For x<0,

conservation of species for oxygen yields

M, w1 V% ]
Tfag_—+m69i-te—3iz. (3-15)

Conservation of gas mass requires

T (1 - (1-9) Hliﬂ %—% ¥ %—fm ) (3-16)

1"
O

Equation (3-8) yields
{ - (1-SYIWI-X) |, for X>0
g, = (3-17)
A _
O , for X 4O

sk



TABLE 3-1I: Dimensionless parameters governing forced
countercurrent smoldering combustion. In addition to the
following parameters, the void volume fraction, r the
irradiation time, t,, the ignition temperature, Tig’ and the
pyrolysis temperature, Tp, must be specified.

D Tkt
CaT{
- Qe

T¥P CsTi

0 = X

T Key

le = Kete

gZ
"
(¥V]
~
-

.l'

£

18

- EéeT
Qe QW
Vo Ma

S = YosMug
S = Y. M

Dimensionless measure of the heat
released per mass of oxygen
consumed (varies from 0 to 20)

Dimensionless measure of the
energy consumed by pyrolysis
(varies from 0.25 to 1)

Dimensionless thermal thickness
in Region III (varies from 0.5
and 0.7)

Modified Lewis number (usually
lies between 1.9 and 3.0)

Dimensionless radiation
conductivity (less than 0.1)

External heat flux measured
relative to the total energy
released in the reaction 2zone

Dimensionless measure of the
energy radiated to the
surroundings (varies from 0.005
to infinity)

Stoichiometric coefficient - ash

Stoichiometric coefficient - char
(varies between 0.3 and 0.4)
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TABLE 3-II: (cont.)

Vo=

)’%M“} Vo'\.('}
Vo Mg Coy

i o
(l‘¢)6i<>

56

Dimensionless char oxidation
velocity (varies from 0 to 1)

Gas phase response time divided
by the solid phase response time
(less than 0.04)
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In dimensionless form, the ideal gas equation of state is
?%(1+T)=l. The dimensionless smolder velocity, V= vtc/xc,
equals \T after the onset of smoldering and is zero
beforehand.

The following boundary conditions are imposed on Egs.
(3-13 through 3-16): as X$-%, T 40, Y -*1 and 'r_ng-+l ; as
X+ + 00, dT/dx +0. Both temperature and the gas mass flux

are continuous across the interfaces. Conservation of energy

across the x=0 interface gives

— 17| . ¢ 3T =y
Llenaons )R] - & F| radend)
<0 X-01 Co Rt
1 Yo - = -
t ;l HIT, - T) - QH(Ee-t) | (3-18)
=0

where T& is the temperature at x=0. The temperature of the

pyrolysis zone is held fixed, T(E,E)='¥ r and the motion of

P
this front is determined by

- dL { = gj-\ _ T
. — = 2 + N - = -
o * 1T vV Dcp[1 (1 pr?] =] 1 ‘(3 19)

Initially, T(X,0)= 0 and Y, (x,0)= 1. After smoldering is
initiated, Y,(0,t)=0.

The dimensionless parameters appearing in the preceding
equations and typical values of these parameters, estimated
from properties provided in the literature [19,20,45-48],

are given in Table3II. The quantity,’r, represents the
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ratio of the gas phase response time to the solid phase
response time and is always less than 0.04 for the fuels of
interest. As discussed in the following section, this fact
leads to considerable simplification in the governing

equations because solutions in Region III in Fig. 3-1A are

steady when T 1is small.

2.2.3 Quasi-Steady Equations

Terms in Egs.(3-14 through 3-16) involving time
derivatives can be neglected because T is always less than
0.04. This result is in agreement with the findings of
Ohlemiller and others [1,20,24], who reported that the gas
phase can be considered quasi-steady in many smoldering
combustion applications. Setting T equal to zero in Eq.

(3-16), integrating once, and combining with Eq.(3-13),

731 , 9T . 2 =)L
CIETAMET ST [temg(1+TP) 55 (3-20)

Equation (3-14) yields an explicit expressions for the

temperature in Region III in Fig. 1A (%<0),

_ x/¢
T=Tm € . (3-21)

After smoldering is initiated, Eq. (3-15) gives

YNo=1-¢ (3-22)
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Combining Egs.(3-18,3-21,3-22),

[1+ Nguﬁ.&}%\ =T+ QD] (17 TY-1)
i \ 4

~ Do H(Tar Tig) = D Q¢ HlFe-F) | 3-23)

Equation (3-23) determines“im while‘?b is given by
Eg. (3-19).
2.3 CASE II: Ash Layer Building Below Smolder Wéve

After the initiation of smoldering, the coordinate
system moves with the char oxidation zone. As the oxidation
front propagates upward, an ash layer of height, h(t)=vt,
builds below the smolder wave - see Fig. 3-1B. Because the
governing equations for Case II are very similar to those
for Case I, only dimensionless equations are presented in
this section. Relevant dimensionless variables are defined
in the preceding section and the dimensionless parameters
appearing in the following equations are listed in Table 1II.
As discussed previously, the gas phase response time is much
smaller than the solid phase response time (that is, T <«<1).
Consequently, the temperature in Region IV in Fig. 3-1B, the
oxygen concentration, and the gas phase mass flux profiles
are steady. Conservation of energy in Regions I through III

in Fig. 3-1B gives

r3 jf: Eff = El = Eif
& >t T 2% % [l*NK('LfT);] TN (3-24)
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while in Region 1V,

T-= :fh eX/'Q (3-25)

The temperature at'§=:ﬁ,'Th(E), will be determined by
applying the conservation of energy at the ®=-h interface.
After smolder initiation, conservation of species for oxygen

vields
N 'Fof i)O

Y, = l-e =, dJor -heR<¢D (3-25)
Y (he X)Le -, =
1 - /P ) , fFor X ¢-]
Equations (3-1,3-2) determine the solid density,

1- (-5 YH(I-X) , for X>0O

Sa , for -heRceo (3-27)

ool
1]

The following boundary conditions are imposed on
Eq.(3-24): as % 4-%, T40 ; as X%+ 0, dT/dx 40. The
temperature is continuous across all of the interfaces.
Before smolder initiation, conservation of energy across the

X=0 interface requires

- 27 -
[1+ Nx(1+14?]5§l = T, + Q(QOXUJ?;T~1]
- X=zo*

- QeDeo H [Fe -3 3 ' (3-26)
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After initiation, conditions at X=-h and x=0 are

- 9T -
[_11'”;(11-1—,\)3 3—')'(\ RERINE Q{Dw[(i+:—rh)q—1]

7= ot
- Qr; D, H(f_e'¥> R (3-29)
and
T oT
fa+N (1+"».S>-l ;k % = Do 5 (3-30)
X=0 X=o¥

respectively. Equations (3-29,3-30) determineﬁfg andﬂfm.
Motion of the pyrolysis front is still governed by
Egq. (3-19). Consideration of an ash layer introduces one

additional parameter, s .

3.3 SOLUTIONS
3.3.1 CASE I: No Residual Ash

Techniques for solving partial differential equations
with moving interfaces have been developed within the
context of freezing and thawing in cold climates ([44] and
the charring of solids during a fire [41]. The time-explicit
finite difference scheme presented by Lundarini [44] is
utilized to solve Egs. (3-20,3-21,3-24). Temperature profiles
after the onset of smoldering for typical values of the
dimensionless parameters are shown in Fig. 3-2. The maximum
temperature,‘ﬁm, reaches a steady value before‘€=2.5. A plot

of Tm(z)/?m(OO) is given in Fig. 3-3 for two cases: (1) the
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external heat flux is turned off at E=€e=l.0 (solid line) ;
{(2) the heat flux is turned off immediately after smolder
initiation (dashed line). Radiation and conduction heat
transfer from the oxidation zone to the pyrolysis front
becomes small when the dimensionless distance between the
two reaction regions is large - that is, when L>>1.
Neglecting terms on the left hand side of Eq.(3-23), as

t o0,

QR-‘Dco{(.l 1-'1'"‘)'4_1] +T. = D (3-31)

Because QpD., is usually greater than 0.15 and T ~2, the
first term on the left hand side of the above equation is an
order of magnitude larger than the second and consequently,
'ﬁﬁxQ;1/4-1, or in dimensional form, Tﬁz(Q&gi/ €5 )1/4, Thus,
as a first approximation, the peak temperature is determined
by balancing the heat released in the reaction zone and
radiation heat losses from the x=0 interface. Typically, Q~
12.3 kJ/gm of Oy, Yo;~0.23, m§; ~0.006 kg/m’s and £~0.9,
giving Tm'y4909c. Because a small portion of the energy
released is used to preheat the incoming gas, the peak
temperature will be slightly lower than this value.

A plot of"'fm versus QpD., for various values of D, is
shown in Fig. 3-4. Smoldering will only occur when'Tp(él) <
T < Teyamer where'%flame is a critical temperature above
which flaming is observed. Figure 4 also demonstrates the

relationship between the ignition temperature,ﬁfig, and the
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minimum external heat flux, QE,min' that will produce
smoldering (replace T with Tig and D,, with QE,minDco)' Note
that QE,min is found by setting Tn=Ti

g and dT/dx\’_‘:m= 0 in

Eg. (3-23), giving

Qe ,pin Deo = T + Qe Do L (L + TN - 1'] ' (3-32)

When either the ignition temperature, Eig’ or the radiation
heat losses, OrDPcor increase, a greater amount of energy
must be supplied to the bottom of the material to produce
smoldering.

Integrating Eq.(3-13) from X=0 to X=L and combining the

resulting expression with Eq.(3-19) provides an expression

for TIP,
—_ L
- i P - T 9 1= .-
VP = S‘ (TM-TP)- {lf“g(if-rm)’;]g-i ] - Scs:i:. STdK
¢ ) o
= dL o T )
+ SCTPXI:' + h*’”x(lpr?] _9_;'(\ N (3-33)
iz

Of the energy that is transferred downstream from the char
oxidation zone (see the first two terms on the right hand
side of the above eguation), only a portion is consumed in
the pyrolysis reaction region. Most of the energy is stofed
in the hot char in Region II in Fig. 3-1A [1], a small
fraction is used to preheat the unburnt solid in Region I

and the remainder is consumed in pyrolysis. As ?fyoo,
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radiative and conductive heat transfer downstream from both

reaction regions is negligible, and Eg. (3-34) gives

= |Tdy -T — } = L - 3-35
Vo + 3, 3"3 dx Tp“ 3 (T, TP). ( )
° L

Thus, energy consumed in the pyrolysis zone and stored by
the hot char is supplied only by gas phase convection in the
limit t* % . A reasonable approximation for the second term

on the left hand side of the above equation is

T

s = df _ = _=+dL
5%[ TR-TLE GG 373

o

Combining Egs. (3-35,3-36), gives

L T-T)- D
c. Ly . IRV,
f S.(T-Tp) * Dp '

As t 400, the pyrolysis velocity approaches a constant value
which, in general, differs from the char oxidation speed.
Because the two reaction fronts move at different
velocities, no steady solutions exist and countercurrent
smolder propagation is inherently unsteady. Predicted
VP(E-¥OO) are compared with measurements by Ohlemiller and
Lucca [19] in Fig. 3-5.

Self-sustaining countercurrent smoldering is not

possible when dL/dt<o, corresponding to

Co (T..‘-TPB ' vu:M“b (3-38)
QP VOMO ¢
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Solutions do not exist when the energy convected downstream

from the oxidation zone is insufficient to drive the

pyrolysis front.

3.3.2 CASE 11: An Ash Layer Builds Below Smolder Wave
Results presented in this section are restricted to

small values of the stoichiometric coefficient, s In

a*
Region III in Fig. 3-1B (-h<X<0), the term involving the time
derivative in Eq.(3-24) is small when §,<<1 (note that ?s=sa
in Region III). Thus, T is steady in Region III when s <<1.
When the thickness of the ash layer is much greater than X
radiation heat losses from below are negligible. The
residual ash serves as inéulation, leading to high peak
temperatures. The dimensionless temperature of the oxidation

zone, T, approaches D_, as t+®©. For Yoi~ 0.2, T~2,500
C. Such high temperatures will produce flaming combustion in
most materials of interest [l1]. In the absence of radial
heat losses, temperatures encountered in the countercurrent
configuration are much higher than those in cocurrent
smolder. This is due to the role of gas phase convection.
For countercurrent smolder, hot gases produced in the
reaction zone flow into the unburnt solid, serving to
preheat the incoming fuel. While in cocurrent smolder, gas
phase convection carries energy out of the system. When an
ash layer builds below the smolder zone, Eqg. (3-37) still
determines the pyroiyéié velocity,'Vpkzl;ﬁb).rBeééﬁse f;

D Eq. (3-37) now gives

co’
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-t%? "iIl;\T
:Dcp + :D‘ o s

(3-39)

'rJrﬂ
\I

d
d

Since D,,/D is fairly large, on the order of 10, Eq.(3-39)

cp
yields dL/dt 1. In dimensional form,

dL ~ P’iui Cs

~
dé (1‘¢’)@1C5 ‘

Typically, u; ~5 X 1073 m/s, (1-5),051/,43-1.,40 and cg~ Cg,

(3-40)

giving dL/dt ~10"% m/s. Note that v~3 X 10795 m/s for this

case, SO vp~r1.3 x 1074 cm/s.

3.4 CONCLUSIONS

A model of unsteady, countercurrent smoldering
combustion propagation has been developed. The proposed
application is an experiment for use on the Space Shuttle.
Due to the microgravity environment, propagation of the
smolder wave was assumed to be one-dimensional. Radiation
heat transfer was incorporated using a diffusion
approximation. Smoldering combustion was represented using a
two step mechanism, which consisted of a pyrolysis reaction
followed by a char oxidation reaction. A "flame" sheet
appyoximation was used to modelrtheroxidation zone and it
was assumed pyrolysis occurs at a known temberaturé, Tp. In
general, the two reaction fronts moved at different
velocities and countercurrent smolder propagation was

unsteady. Two cases were considered: (1) no residual ash,
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VaMa=O' and complete consumption of the char ; and (2) an
ash layer forming beneath the oxidation zone, due to either
production of ash during oxidation, yaMa#O, or leakage of
char through the reaction zone.

Explicit expressions were derived for the char
oxidation velocity, v, the maximum temperature, Tp. and the
pyrolysis front velocity, Vpr in the limit of long time. Key
results included: (1) v is linearly proportional to inlet
oxygen mass flux, with the proportionality constant
determined from stoichiometry ; (2) in the absence of radial
heat losses, vp approaches a constant value which is, in
general, different from v ; (3A) for the no residual ash
case in limit of long time, Ty, is determined by a balance
among the energy released in the oxidation region, the
energy required to preheat the gas and radiation heat
losses ; (3B) when an ash layer builds below the smolder
wave, radiation heat losses from the bottom are negligible
in the limit t+ oo and T is higher than in the no ash
case ; and (4) self-sustained countercurrent smoldering
combustion is only possible when cg(Tm—Tp)/Qp>
YoiVusMus/VoMor i-€. solutions cease to exist when the
energy convected by the gas phase is insufficient to drive
the pyrolysis front.

The need for further experimental investigation of
countercurrent smoldering cannot be overemphasized. Such

experiments are necessary both to test the present model and
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to guide future theoretical work. Especially important is

the transition to flaming combustion. Results from this
study indicate that such a transition is more likely in
materials which form a residual ash. It is anticipated that

these materials will be readily identified experimentally.
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CHAPTER 4
FREE COCURRENT SMOLDERING COMBUSTION

4.1 INTRODUCTION

A schematic of the problem under consideration is shown
in Fig. 4-1. The free cocurrent smoldering analysis
presented in this chapter is very similar to the forced flow
study in Chapter 2. The only difference is that in free

flow, the inlet gas velocity, u is determined by balancing

ir
buoyancy and drag forces while in forced flow, uj; is known a
priori. Cocurrent smolder-propagation under free flow
conditions is highly dependent on the magnitude of the .
buoyant forces due to the oxygen-limited nature of
smoldering combustion {19,20]. Since all of the oxygen
reaching the reaction zone is consumed, the total heat

release is approximately proportional to the incoming oxygen

=/
mass flux, m

oi* Increasing the buoyancy force increases uj,

raising ﬁgi and leading to higher temperatures and faster
smolder spread [19].

Buoyant forces, which are proportional to the product
g(esi-ﬁ%), can be controlled experimentally by varying
either the gravitational acceleration, g, or the density
difference, F&i'f%' The latter approach is followed in the
work presented here. By changing the ambient pressure, the
density of the gas and consequently the buoyancy force is

varied. The rate of smolder spread through the porous fuel
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(alpha-cellulose) is obtained from the temperature histories
of thermocouples placed at fixed intervals along the
centerline of the material. A chimney, which fits on top of
the fuel container (see Fig. 4-1), enhances the buoyantly
driven flow of oxidizer through the porous fuel and prevents
the diffusion of air to the top surface of the combustible
material. Both the smolder velocity and the peak temperature
are found to increase as the ambient pressure is increased.
A model of cocurrent smoldering combustion under free
flow conditions is also presented. In one dimension, the gas
velocity is determined from the conservation of gas mass -

as a function of the inlet gas velocity, u;. Because the

i

pressure varies by a small amount over distances comparable
the thickness of the smolder wave in the very porous fuels
of interest [1], the transport equations can be solved
before considering the momentum equation. Explicit
expressions for the smolder velocity, v, and the final
temperature, Tg, were derived in Chapter 2 by using
activation energy asymptotics. Both eigenvalues, Vv and Tg,
are functions of u;. The quantity, uj. is estimated by using

an integral momentum analysis. Good agreement between the

predictions and the measurements is observed.

4.2 ANALYSIS
4.2.1 Governing Equations
Equations (2-4 through 2-13) govern cocurrent smolder

propagation. Typical properties of a bed of alpha-cellulose
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TABLE 4-I: Properties of a packed bed of alpha-cellulose.2

7] 0.82

Poi kg/m3)] 620
cg [kJI/ (kg X)] 0.84
Kegg [W/m K] 0.050
Kragq(Ty) [W/m K] ~0
E [kJ/mole] 180
Q [kJ/kg] 12,500
Mag [10°Newton-s/m?] 3.0 P (3.7)¢
z 1106mL+5/kg0+5Kk0+5¢] ; d
a 0.5
b 1

o 0.5
%!ffEf 1.4

Yo Mg

Properties given in refs. [28,40].

Darcy drag coefficient determined by matching predicted
and measured smolder velocities for cocurrent smoldering
of a 4 cm packed bed of alpha-cellulose (under free flow
conditions).

Shown in paranthesis is the Darcy drag coefficient
determined by direct measurement [49].

Pre-exponential factor determined by matching predicted
and measured final temperatures for cocurrent smoldering
of a 4 cm packed bed of alpha-cellulose (under free flow
conditions).



are given in Table 4-I. The oxygen mass flux, which appears
in the boundary condition in Eq. (2-11), is not known a
priori in free flow because it depends on the inlet gas
velocity, uj. A global momentum analysis is used to
determine uj in this section. In the absence of an imposed
pressure gradient, the conservation of momentum requires
ho-ht+l homh tL
Magudx = | P A(ey-R)dx (4-1)
-\ “

where L is the chimney height, h is the height of the virgin

solid and hg,-h is the char height - see Fig. 4-1. The
quantity, }Lad, is the proportionality constant in Darcy's
Law. While the flow resistance, ag. is lower in the char
layer, the gas phase velocity is higher. The latter is due
to both gas expansion and generation in the reaction zone.
Therefore, it is assumed that agu remains constant. A step
change in f& from fgi to /gf occurs at x=0. Assuming that
the flow resistance in the solid is much larger than the
resistance in the chimney, the dimensionless initial

velocity, uj=uj/u., is given by

?
w; ° ‘_ (4-2)
1+7,
where a characteristic velocity,
uc - ——— ¢ = (4-3)
© Gy he

77



78

TABLE 4-1I1I: Dimensionless parameters affecting the smolder
velocity, the final temperature and the gas velocity. In

addition to the following parameters, r

be specified.

<

Z
1

A
“~
"

QNoi
CEGGT}

bo 4,72
3 Kets

T

L

a

VMo (RS B T i)
(# Y5 Fyu ) (6Q) " (3 DY

eqr 2 b, and ¢ must

Dimensionless measure

of the energy released in
the reaction zone (varies
from 0 to 40)

Dimensionless radiation
conductivity (usually less
than 0.1)

Dimensionless activation
energy (varies between 50
and 70)

Dimensionless pre-
exponential factor
(usuallg lies between 10
and 10-7)

8
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has been chosen by balancing buoyancy forces and drag
forces. In the experiments presented here, L/ho-10. When

%9 by L
Iuadko .

(4-4)

U, =

4.2.2 Asymptotic Solution of the Transport Equations

For cellulose, the Zel'dovich number, 15== Q'Tf/(l+if)2,

" is on the order of fifteen [28]. Because of the Arrhenius-

type dependence of the reaction rate on temperature,
relatively small changes in temperature can lead to large
changes in the reaction rate. Under such circumstances, it
is reasonable to assume that the oxidation reaction is
confined to a thin region in which the source terms in the
governing equations are balanced by diffusion [2,3]. In the
outer regions, convection and diffusion balance. The final
temperature is determined by matching the inner solution
with the outer solutions. The details of this matching
process are available in Chapter 2. Dimensionless parameters
governing cocurrent smolder propagation under free flow
conditions are listed in Table 4-II. The dimensionless final

temperature, Tg=(Tg=T;)/T;, is determined by

4

- vt ey T -2
RlrengeT 3] (YT e B W) 4o
where
1

tdt
b
b [1' (egl‘.'l"fﬂ :

(4-6)

F(b)rul) :



V)
N

— Ng= 0.1

N
)
T
!
!
!

DIMENSIONLESS FINAL TEMPERATURE, Tg= (Tp—T;)/T,
o

ol
.
()

LY
(1)

2.0 ’
0.0t 0.1 S 1.8

~F
DIMENSIONLESS PRE-EXPONENTIAL, A X 10710
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dimensionless pre-exponential, A . parameterized in the dimen-
sionless activation energy, 3,, and the dimensionless radiation

conductivity, Np, with a=0.5, ¢=0.5 and req=0.
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Equations (4-2,4-5,4-6) determine'Tf and ;. In most
cocurrent smolder combustion applications, the inverse
equivalence ratio, Teg™ YusMus €oi/ VoMo €usir is small
[9,19,20]. As req-yo, f(b,req)-qO.S.

4.2.3 Final Temperature, Initial Gas Velocity, and Smolder

Velocity

For small values of the inverse equivalence ratio, Toqg’

the dimensionless final temperature, Tf, and the normalized

initial gas velocity,-ﬁi, are independent of the constant,

b, and r In the limit req-rO, both'ﬁf and'ﬁi depend on

eq*
five parameters, the dimensionless radiation conductivity,
NR' the dimensionless activation energy, gl, the
dimensionless pre-exponential,j{, and the constants, a and
c - see Eqs.(4-2,4-5,4~6). Figure 4-2 illustrates the
variation of'ff with Ngp, ﬁﬁ and Ji, for a= 0.5 and c= 0.5.
Note thatlff decreases logarithmically with ]L. Thus, for a

given fuel, T¢ depends only on the characteristic oxygen

mass flux, &gc"yoif%iué' increasing logarithmically with
ﬁ;;. Buoyancy affects T¢ through u., which is proportional
to the producty gf%i. Consequently, hgc is proportional to
the square of the ambient pressure - that is, th»'gP:.

As shown in Fig. 4-3, U; is weakly dependent on j{ and
NR. For a particular fuel, u;, is fairly constant. Over a
wide range of conditions, uj = 0.6 % 0.1. That is, setting Uy
equal to 0.6 usually introduces less than a 15% error. As a
first approximation, u;a 0.6u., where u. is determined from

Eq. (4-4) . Consequently, uj is approximately proportional to
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the characteristic buoyancy force, gfgi.

A normalized smolder velocity, V=v/vc, is given by

—Ul"l‘k 4-7
= t Ti : :DZ R » { )

where a characteristic smolder velocity,

<l

.y
Qmg (4-8)

“‘¢)%;Qn411 y

V¢

is defined by the balancing the energy released in the
reaction zone and the energy required to raise the
temperature of the solid from T; to T¢. For a given solid

fuel, v is affected by two parameters, the dimensionless

pre—exponential, A , which is inversely proportional to ﬁg;

(=Yoi/6iuc)' and the dimensionless heat release, D, which

is proportional to Y, ;. A plot of V versus A, parameterized

in Do with 5'=70, a=0.5, ¢c=0.5, NR=0, and r_.=0, is shown

eq
in Fig. 4-4. Decreasing D, leads to lower values of v.
Smoldering extinguishes when Dcéff, corresponding to Vv=0.

Because v varies slowly with A, v ~v.. Using Egs. (4-4,4-8),

QYo #A2L
(1-9) 2,6 Ti%0h, -

(4-9)

The smolder velocity varies quadratically with the ambient
pressure and varies linearly with the gravitational

acceleration (that is, v;ng;).

8L
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4.3 EXPERIMENTS

Experiments are performed to determine the effect of
ambient pressure, and consequently of buoyancy, on the rate
of smolder spread through a porous combustible material. A
schematic diagram of the experimental installation is shown
in Fig. 4-5. The experiments are carried out in a
cylindrical pressure vessel, 1.8 m in diameter and 3.3 m
long. A vacuum pump or a compressor is used to set the
vessel pressure below or above atmospheric pressure. The
oxygen concentration in the vessel can be varied by adding
oxygen or nitrogen from pressurized bottles. Acrylic windows
located at opposite sides of the vessel provide optical
access to the test area. The fuel/container unit is held by
a frame in the middle of the test area, avoiding obstruction
of the flow of air in and around the fuel container.

The porous fuel is contained in a vertical Pyrex
cylinder, 0.07 m in diameter and 0.16 m long. These
dimensions, in particular the cylinder diameter, are
selected to reduce to a minimum, the depletion of oxygen in
the vessel during the fuel combustion process, while
ensuring a one-dimensional smolder spread process in a
region of at least 2-cm in diameter around the cylinder
axis. Small holes placed longitudinally along the side of
the cylinder allow the positioning of thermocouples or gas
sampling probes in the porous material. A nichrome wire
electrical ignitor can be positioned at the top or the

bottom of the cylindrical container to initiate the



smoldering process. As an alternative ignition method, an
easily ignitable fuel (for example, cellulose soaked in
heptane) is thinly spread on top of the porous material and
ignited with a small pilot flame or a spark. Flaming
combustion of the volatile fuel initiates the smoldering
combustion of the porous combustible. A chimney, 0.33 m long
and 0.03 m in diameter, tapered at the bottom to a diameter
of 0.07 m is fitted on top of the fuel container. The
chimney is used to both enhance the buoyantly driven flow of
oxidizer through the porous fuel and to prevent the
diffusion of air to the top surface of the combustible
material. The fuel container and the chimney are insulated
with a fiber-glass jacket to reduce heat losses to the
environment.

The rate at which smoldering spreads is measured from
temperature histories of the thermocouples embedded in the
porous fuel with their junction placed at fixed distances
along the cylinder axis. Four Chromel-Alumel thermocouples,
0.8 mm in Qiaméter, are embedded in the porous fuel at 5 or
10 mm apart. The emf from the thermocouples is amplified to
volt levels and processed in a real time acquisition
microcomputer. With the fuel temperature histories, the rate
of spread of smoldering combustion is calculated from the
time lapse of reaction zone arrival to two consecutive
thermocouples, and the known distance between thermocouples.

The arrival of the smolder reaction zone at the thermocouple
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position is characterized by a maximum in the temperature
profile. Under most experimental conditions this maximum is
not sharply defined, introducing inaccuracies in the
definition of the smolder front arrival time and
consequently in the calculation of the smoldering spread
rate. In spite of this problem, the thermocouple probing
method is considered one of the most accurate methods to
measure the rate of smolder spread.
4.4 RESULTS AND COMPARISON

Results presented in this work are from experiments
conducted using alpha-cellulose powder as a porous

combustible fuel. A fixed amount (by weight) of alpha?

cellulose was loosely packed in the cylindrical container

filling a constant volume, thereby keeping an approximately
constant void volume fraction. The cellulose was supported
at the bottom by a wire mesh which was attached to the
cylinder surface 40 mm from the top of the cylinder. The
upper cellulose surface was kept flush with the top cylinder
rim. This 40 mm cellulose bed height was found to be the
maximum at which the present expérimental configuration
could operate. For larger bed heights, the pressure drop
through the porous solid is too large to be overcome by the
chimney generated buoyancy, particularly at pressures below
atmospheric. The resulting buoyantly induced flow of air is
not large enough to sustain the progress of the smolder
reaction. Although longer fuel beds could be tested by

increasing the chimney height, the 40 mm fuel height is
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sufficient to provide the information sought in this work.
All of the experiments were conducted with an approximately
constant void volume fraction of 0.82. The void volume
fraction was estimated from weight of the alpha-cellulose,
the volume it occupies and the cellulose density given in
Table 4-1I. After coating the alpha-cellulose with a thin
layer of gold, an electron microscope was used to
investigate the structure of the material. At a
magnification of 300 X, it was seen that the material is
formed by long, interlaced, cellulose fibers. In the absence
of reliable experimental data, photographs, such as the one
shown Chapter 2, can be used to estimate various properties,
including the Darcy drag coeffiqient, agr and the radiation
path length,,Qr.

Measured peak temperatures at two thermocouple
locations are presented in Fig. 4-6, for various values of
the ambient air pressure. For these measurements, four
thermocouples were placed, in most cases, 5 mm apart from
each other with the first thermocouple located 15 mm from
the top of the cellulose surface. In a few tests, the
thermocouples were positioned at distances 10 mm apart. Peak
temperatures predicted by the theoretical model, with the
parameters given in Table 4-I, are also shown in Fig. 4-6.
The value of the activation energy given in Table 4-I was
suggested by Moussa et al [28], who modelled smolder spread

in horizontal, cylindrical, cellulose fuel elements. Because
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char oxidation occurs on the outer surface of the cylinder,
Moussa et al represented the reaction rate by an overall
Arrhenius expression based on the surface area of the
cylinder. Consequently, there is some uncertainty in the
precise value of the pre-exponential factor in Eq. (2-10),
for this reaction rate expression is based on a volumetric
basis and the oxidation reaction occurs well within the
outer boundaries of the porous solid. The value of the pre-
exponential factor given in Table 4-1 was selected by
matching calculated and measured peak temperatures at one
point. Because the distance over which buoyancy acts is much
larger than the thickness of the alpha-cellulose bed, the
peak temperature is fairly constant as smolder wave
propagates. As shown in Fig. 4-6, there is very little
difference between the peak temperatures at the second and
fourth thermocouples. Overall, there is good qualitative
agreement between the peak temperatures predicted by the
theoretical model and thoée determined from experiments.
Measured rates of smolder spread through the alpha-
cellulose'bed:are presented in Fig. 4-7 for several ambient
air pressures. The smolder velocities were calculated from
the outputs of the second and fourth thermocouples, which
were placed 20 mm and 30 mm below the top surface of the
cellulose bed, respectively. These thermocouples were chdsen
because they provided the most reproducible data. As is seen
from the experimental data plotted in Fig. 4-7, there is

scatter in the measurements, particularly at the higher



ambient pressures. This scatter is primarily attributable to
inaccuracies in the determination of the time at which the
smoldering front arrives at the thermocouple location in
question. These errors are especially noticeable at higher
pressures because the smolder velocity is higher. Small
variations in the cellulose void volume fraction and
uncertainty in the precise location of the thermocouples
‘also contribute to the scatter in the data.

For comparison purposes, theoretically predicted
smolder velocities are also presented in Fig. 4-7. Because
of uncertainty in the Darcy drag coefficient during smolder
propagation, the value used in these calculations was
selected by matching the predicted and measured smolder’
velocities at one point. Although the comparison between
theory and experiments can only be viewed as qualitative, it
is seen from Fig. 4-7 that the theoretical model predicts
very well the general trend of the experimental results,
with slower smolder spread as the ambient pressure
decreases. As discussed earlier, both the total heat release
and the smolder velocity are proportional to inlet oxygen
mass flux. Diminishing either the gas velocity or the
density of the oxygen reduces the amount of oxygen reaching
the reaction zone, leading to smaller smolder velocities.
Decreasing the ambient pressure has two major effects.
Firstly, the buoyancy force is lessened, leading to lower

air flow velocities. Secondly, the density of oxygen is
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reduced. Consequently, the smolder velocity decreases
quadratically with the ambient pressure. Measurements for an
alpha-cellulose bed support this hypothesis - see Fig. 4-7.

Experimentally determined Darcy drag coefficients are
exhibited in Fig. 4-8 for several values of the void volume
fraction [49]. These experiments were conducted in the
absence of combustion. A fixed amount (by weight) of alpha-
cellulose was placed in a bed of roughly the same depth (40
mm) as that used in the smoldering combustion ekperiments.
The Darcy coefficient was estimated by imposing several
known pressure drops through the porous solid and measuring
the resulting air flow velocities. Also shown in Fig. 4-8 is
the value of the Darcy coefficient calculated by matching
predicted and measured smolder velocities for a void volume
fraction of 0.82. This value is in close agreement with the
direct measurements, supporting the hypothesis that the
product of the Darcy drag coefficient and the gas velocity,
aqu, remains constant - see section 4.2.1.

An interesting experimental observation is that
smoldering combustion does not spread at ambient pressures
below 0.6 atmospheres. Recall that the extinction limit
proposed in section-4.2.3 predicts that, for a given initial
oxygen mass flux, there is a critical oxygen concentration
below which steady solutions do not exist. Smolder
propagation will cease when all of energy released in the
reaction zone is used to heat the incoming gas. However,

because heat losses have been ignored in the analysis, this
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limit does not give a critical ambient pressure below which
smoldering extinguishes. The total heat released in the
reaction zone decreases quadratically with the ambient
pressure. When the heat release is of the same order of
magnitude as the heat losses, smoldering propagation will
stop. This result is also valid for laminar premixed flames
[2,33].

Therefore, there exists a critical oxygen flow rate,
which depends on the magnitude of the heat losses, below
which smoldering extinguishes. For the experimental
apparatus employed in this study, utilizing an alpha-
cellulose fuel with void volume fractions equal to or
smaller than the one used here and an air oxidizer,
smoldering combustion will not take place if species
diffusion is the only mechanism to transport the oxidizer to
the reaction zone. This result is especially important for
the potential development of the smoldering combustion
process under micro-gravity conditions, in space vehicles
for example, since buoyancy forces are negligible. Under
such circumstances, cocurrent smoldering combustion will
extinguish unless the oxidizer is transported by a forced

air flow.

4.5 CONCLUSIONS . .. ... , e
A model of one-dimensional, steady, cocurrent

smoldering combustion under free flow conditions has been



developed. Smoldering was represented using a finite-rate,
one-step reaction mechanism. Explicit expressions for the
smolder velocity, the final temperature and the initial gas
velocity were derived. Smolder velocities and peak
temperatures predicted by the theory for a packing of alpha-
cellulose were compared with experimental results for values
of the ambient pressure ranging from 0.6 to 1.2 atmospheres.
Primarily because of difficulty in accurately determining
the time at which the smolder front reaches a particular
thermocouple location, there is scatter in the experimental
data. This scatter is especially noticeable at pressures
above atmospheric. Overall, there is good qualitativé
agreement between predictions and measurements.

Smoldering combustion propagation is highly dependent
on a steady flow of oxidizer reaching the reaction zone.
Both experiments and theory suggest that the smolder
velocity increases approximately linearly with the oxygen
mass flux, while the final temperature increases fairly
slowly (in fact, logarithmically) with this flowrrate.
Extinction is observed to occur if the flow rate is below a
critical value. This indicates that, at least for alpha-
cellulose with void volume fractions equal to or smaller
than the one tested in this work, diffusion of oxidizer
toward the reaction zone is not a sufficient transport
mechanism to sustain the cocurrent smoldering combustion
process. This result is particularly important for natural

convection smoldering combustion under microgravity
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conditions since buoyancy forces are very small, and the
oxidizer can only be transported to the reaction zone by
diffusion. The present study suggests that for cocurrent
smoldering combustion to occur in a microgravity
environment, a flow of oxidizer must either be forced
through the fuel, or the porous fuel must have a large void
volume fraction, a small Darcy coefficient, a low activation
energy and a large effective thermal conductivity. That is,
the solid fuel must present minimum obstruction to the free
flow of gases, and it should possess properties that favor
the transport of heat and mass by diffusion.

However, the present work can only be viewed as
preliminary. Heat losses from the sides of the cylinder-must
be included in the analysis to accurately predict the
extinguishment of cocurrent smoldering combustion. A
detailed experimental investigation of the smolder
extinction process is needed. Experiments with other porous
fuels must be undertaken to determine the generality of the
conclusions reached in this study. In particular, accurate
determination of the conditions at which smoldering
combustion will occur in a microgravity environment is

necessary.
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CHAPTER 5
FUTURE RESEARCH

5.1 INTRODUCTION

Further theoretical and experimental investigation of
both cocurrent and countercurrent smoldering combustion is
anticipated. The goal of this research program is to design
a smoldering experiment for use on the Space Shuttle. The
current ground based experimental program will be continued
through the next grant period. Before making further
refinements in the theory, measurements are needed to test
the current analytical models. Of particular interest is the
one-dimensional propégation assumption. It is anticipated
that purely 1-d propagation will only be possible in a
microgravity environment. After establishing the range of
validity of the 1-d approximation, simplifications in the
chemistry and the effect of variable properties will be
scrutinized. Comparisons between theory and experiments will
hopefully lead to refinements in the current analytical
models. A discussion of the proposed experiments and
possible comparisons between existing theory and future
measurements follows.

Many materials can éustain smoldefinércombustion.
Smoldering has been observed in coal [3,4], cotton (5,61,
paper [7], wood [12-14], thermal insulation materials [15]

and various dusts [16,17]. Additionally, smoldering
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combustion can occur in different foams, including PUl6 [29]
and PT34 [29] foams, Product Research Committee foams GM-21
[29] and GM=-25 [20], all of which are flexible polyurethane
foams, and the rigid isocyanurate foam designated GM-41
[19] . However, GM-21 and PT34 foams will undergo self-
sustained smoldering only when they are covered with cotton
fabric [29]. A discussion of the ability of rigid and
flexible polymer foams to smolder is given by Ohlemiller and
Rogers [9]. Because comparisons between theory and
measurements are sought, only materials whose properties are
readily available in the literature will be utilized as
fuels in the proposed experiments. Detailed smolder reaction
mechanisms are available for alpha-cellulose [28], a GM-25
flexible polyurethane foam [20], wood dust [32] and
cellulosic insulation materials [46]. These mechanisms are
discussed in Appendix A.

Several researchers [19,22,23] have investigated
smoldering combustion in the cocurrent configuration
experimentally. Rogers and Ohlemiller [22] measured the
smolder velocity, v, and the final temperature, Tes in a PRC
GM-25 polyurethane foam. While holding the ambient pressure,

P fixed at 1 atm, the initial oxygen mass fraction, Y

a’ Oil

was varied from 0.18 to 0.44 for two values of the initial

gas velocity, u 0.04 and 0.15 cm/sec. Resulting v ranged

il
from 0.0056 to 0.022 cm/sec, and increased approximately

s 1)

linearly with the initial oxygen mass flux, mg;. The final



temperature, Tg, increased slowly with hg&, varying from 410
to 490°%. ohlemiller and Lucca [19] studied the cocurrent
smoldering of cellulosic insulation materials and of a
polyisocyanurate polymer, PRC foam GM-41. The latter was
mechanically ground into particles with a mean diameter of
several hundred microns. Both Y, ; and P, were held fixed at
0.23 and 1 atm, respectively, while u; was varied from 0.04
to 0.77 cm/sec, yielding v ranging 0.004 to 0.04 cm/sec.
Dosanjh et al [23] considered the free cocurrent smoldering
of a packing of alpha=-cellulose fibers. While fixing Yos at

0.23, P. changed from 0.5 to 1.2 atm, giving v between

a
0.0007 and 0.002 cm/sec.

Relatively little attention has been given to
smoldering combustion in the countercurrent configuration
[1]. Ohlemiller and Lucca [19], who studied the
countercurrent smoldering of cellulosic insulation, measured

the char oxidation velocity, v, the pyrolysis front

velocity, Vpr and the maximum temperature, Ty, as uj

i changed

from 0.15 to 0.49 cm/sec, with Y ; and P, fixed at 0.23 and
1 atm, respectively. Both v, which ranged from 0.001 to
0.0029 cm/sec, and vp, which varied from 0.003 to 0.014
cm/sec, increased roughly linearly with uj, while T, which
fell between 540 and S90°C, was independent of u;.

The need for detailed experimental study of the
transition of smoldering to flaming is clear. Because
interest in smoldering is in large measure due to fire

safety concerns, a good fundamental understanding of the
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transition to flaming is essential. Unfortunately, very
little is known about this phenomenon. In a recent review
article, Ohlemiller [1] states that "transition to flaming
has only been superficially explored experimentally and not
modeled at all." In passing, Rogers and Ohlemiller [22]
noted that flaming was observed during the cocurrent
combustion of a GM-25 polyurethane foam when Y,; was above
0.6 and extinction occurred for Y,; below 0.l. However, no
data was presented to support these claims. Moussa et al
[28] and Ortiz-Molina et al [29], who studied smolder spread
in horizontal, cylindrical, alpha-cellulose and polyurethane
fuel elements, reported that flaming occurred when the
oxygen partial pressure was raised above a critical value.
This critical value decreased as the oxygen mole fraction

was increased.

5.2 EXPERIMENTS

Experiments will be performed on cocurrent and
countercurrent smoldering combustion of porous fuels under
forced flow conditions. These experiments will take place in
a large pféssure chamber in which variations in gravity can
be simulated by varying the buoyancy force,rg(fgi-f%), by
changing the ambient pressure, P, - note that the gas
density is linearly related to P, through the ideal gas law.
The porous fuel is placed in a vertical pyrex cylinder, 210
cm in diameter and 220 cm tall. Thermocouples placed

approximately one centimeter apart along the centerline of
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this cylinder are used to determine the temperature
histories inside the cylinder. Reaction zone propagation
velocities are obtained from these temperature histories and
the known distances between thermocouples. Forced flow
conditions will be generated using a small scale combustion
tunnel which will be totally contained within the pressure
chamber. This tunnel consists of a small settling chamber
connected to the test section by a converging nozzle. The
flow of oxidizer is induced with a low power compressor. The
flow is controlled and metered with a mass flow controller
activated by a microcomputer (which is also utilized for
data acquisition). An electrically heated wire grid is to be
used as a planar ignition source.

Reaction zone propagation speeds and peak temperaiures
will be determined for a wide range of conditions. Several
materials, including alpha-cellulose beds at different
packing densities and polyurethane foams, will be utilized
as fuels. The inlet gas velocity, uj, the initial oxygen
mass fraction, Y,;, and the ambient pressure, P,, will be
varied independently. As discussed in the introduction, the
effect of modifying Y ; and uj on propagation velocities and
peak temperatures has been studied previously [19,22].
Consequently, the emphasis of the proposed experiments will
be on quantifying the effect of altering P,. Only P; greater
than 0.5 atm will be considered, for at very low pressures
the reaction rates are strongly dependent on P,. As P,

decreases, buoyant forces, which are proportional to P,.
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become less important. It is anticipated that there will be
better agreement between theory and measurements at lower
values of P, because, strictly speaking, the one-dimensional
propagation assumption is only valid in a microgravity

environment. Moreover, comparisons between measurements and

predictiéné at various Py will establish the rénge of

validity of the one-dimensional propagation approximation.
Extinction of smoldering can be investigated in both
configurations. Unlike countercurrent smolder, smoldering in
the cocurrent configuration becomes steady in a relatively
short period of time [19]. Consequently, initial experiments
will focus on the cocurrent configuration. An extinction
limit will be identified by performing experiments at a wide
range conditions and noting when smoldering extinguishes.
When the results of these experiments are plotted in the
three dimensional space consisting of the regions Y_;>0,
u; >0 and P,>0, an extinction surface can be defined for each
fuel under consideration. For a given fuel, self-sustained
smoldering combustion is only possible for points above its
extinction surface. Determination of such an surface
requires considerable trial and error. However,
considerable simplification is possible, for in the one-
dimensional propagation models neither u; nor P, appear
independently, only their'product appears. Therefore, wHen
two or three dimensional effects are unimportant, the
extinction surface collapses onto a line in the coordinate

system with axes Yoi>0 and uiPa>0' Future experiments will
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identify critical values of P, below which smoldering
extinguishes by fixing Y, ; (and uj;) and lowering P, until
extinction occurs. This critical value of P, will decrease
as Y, ; increases.

At the opposite extreme, raising either Y ;, uj or P,

can lead to flaming combustion. The transition of smoldering

to flaming will be studied experimentally in both

configurations. In the countercurrent configuration, flaming
is much more likely when a residual ash forms beneath the
the smolder wave. This residual ash serves as insulation,
and its formation leads to considerably higher temperatures.
Different porous fuels will be classified according to their
ability to produce such an ash. For each fuel under
consideration, an attempt will be made to identify a
critical temperature, Telamer above which flaming combustion
is observed. Provided that such a critical temperature can
be identified, the analytical models developed in Chapters 2
and 3 can be used to determine a flaming limit by setting
the peak temperature predicted by these models equal to

Tg

lame"® Determination of such a limit is discussed in the

following section.

5.3 COMPARISONS WITH THEORY

Possible comparisons between the measurements described
in the previous section and the existing theory are
discussed in this section. In the forced countercurrent

smoldering experiments, the char oxidation velocity, v, the
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pyrolysis front velocity, Vpr and the maximum temperature,
Tmr are to be measured as a function of P, at various fixed
values of ujy and Ygo;- These measurements will be compared
with the theoretical results presented in Chapter 3. For
one-dimensional countercurrent smolder, the dimensionless
oxidation velocity, V, is given by

yusrA“> Yo\cs

AV (5-1)
vg Mo c% >

where v has been normalized by x./t., with xc=keff/ﬁgicg and

tc=x‘z(1—¢ ) PsiCs/Kegg+ The maximum temperature is highly

dependent on the magnitude of heat losses from the bottom of
the fuel. When a residual ash layer builds below the smolder
wave (Case II), such heat losses become negligible as t—oo,

and T, approaches 1/D_,, where D, (=QY,

m -/chi) is a

i
dimensionless heat release. For the no residual ash case

(Case I), as t=*%, Em is determined by

QR‘Bca[ (1 "\‘}m)\“ 11 T :T,.\ = .ch s (5-2)

where Qp (= gé;Tf/thi) is a dimensionless measure of
radiation heat losses from the bottom. For several fuels of
interest, Q%12 kJ/gm of O, [28,39]. A plot of T, versus the
inlet oxygen mass flux, ﬁgi' parameterized in the initial
oxygen concentration, Y,;i. for Q=12 kJ[gm and € =0.9, is
shown in Fig. 5-1. As t—o0o, the dimensionless pyrolysis

speed, vp=vptc/xc, approaches
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—_ 5-3)
VP:- e — ry V (
(Tm=Tp) + Tkp d
where Dcp (=Qp/csTi) is a dimensionless measure of the
energy consumed by pyrolysis and T, is the pyrolysis

P
temperature. Plots of vp(t-boo) and v versus hg} for GM-25

polyurethane, alpha-cellulose and wood dust are shown in
Figs. 5-2, 5-3 and 5-4, respectively. Oxidation velocities,
pyrolysis front velocities and maximum temperatures
calculated from Egs. (5-1,5-2,5-3) will be compared with
measurements.

Forced cocurrent smoldering experiments will resolve
the dependence of the final temperature, Tey and the smolder
velocity , v, on the ambient pressure, P,. In purely one-
dimensional cocurrent smolder, the dimensionless final

temperature, Ef=(Tf-Ti)/Ti, is determined from

r - *a (2 -3%1r?)
1\[11"‘1&(1\‘-1},)5] (1+T5” e f .-.31: (5-4)

>

where N (=160~ /3ko¢¢) is a dimensionless radiation
conductivity, p’(=E/RTi) is a dimensionless activation
energy and jt, which is inversely proportional to the
initial oxygen mass flux, ﬁé; (see Table 2-I11), is a
dimensionless pre-exponential factor. Plots of Tg versus the
inlet oxygen mass flux, hgi, for GMQZS polyurethane and

alpha-cellulose are given in Fig. 2-8. A characteristic

smolder velocity, v.= Qﬁgi/(l- ¢)(%iceff' is chosen by
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balancing the total energy released with the energy required

to preheat the solid and the dimensionless smolder velocity,

v=v/v., is given by

V = ]— (5-5)

1 -

T, RN

where D (=QYoi/ceffTi) is a dimensionless heat release.

A plot of smolder velocity versus dimensionless pre-
exponential,]i., for polyurethane is shown in Fig. 2-9.
Final temperatures and smolder velocities calculated from
Egs. (5-4,5-5) will be compared with the measurements. As the
pressure is lowered, better agreement between predictions
and measurements is expected because buoyancy becomes less
important.

Comparison of the measured extinction limit in forced
cocurrent smoldering with the theory is complicated by the
fact that heat losses from the sides of the fuel cylinder
often play an important role near extinguishment [2]. When
such losses are important, the final temperature is still
determined by ‘Eg.(5-4) but the dimensionless smolder

velocity, v=v/v., is now

c’

v

- %‘ - ‘1L{1+ N&(lf?;)a\\(1+fey“-11

=
¢
-9, ) L1+ Ng[lf_‘f'}-s-“‘-l FET + \\?1*:73]”)‘5‘5’
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where qy, (=4hkeffT5/d(thi)2) is a dimensionless measure of
the radial heat losses and d is the diameter of the
cylinder. Smoldering can be extinguished either by lowering

Y.;r» which reduces D.,, Or by decreasing hg&, which

oi
increases qp. As Y,4 is diminished, a greater portion of the
energy released in the reaction zone is used to preheat the
gas and consequently, less energy is available to preheat
the solid. Decreasing hgi decreases the total amount of
energy released in the reaction zone and once again, less
energy is available to preheat the solid. By comparing
predicted and measured smolder velocities near
extinguishment, the range of validity of the extinction limit
defined by setting V=0 in Eq. (5-6) will be established.
Recall that for each fuel under consideration, an
attempt will be made to identify a critical temperature,
Tflamer abPOVe which only flaming is observed. If such a
critical temperature can be determined, a flaming criterion
for forced cocurrent smolder can be defined by setting
Ef;Eflame in Eq.(5-4). For countercurrent smolder, the
predicted flaming limit will depend on whether a residual
ash layer builds below the smolder wave. When an ash layer
forms (Case 1I), flaming will occur when Dco>1/5f1ame (that
is, whenever Y, ; is above a threshold value). For the no
residual ash case (Case 1), a flaming limit can be |

established by setting T =Tfi.me iR EQ.(5-2).
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CHAPTER 6
CONCLUSIONS

6.1 SUMMARY

Smoldering combustion propagation through very porous
solid materials has been modeled. The proposed application
is an experiment for use on the Space Shuttle. Due to the
microgravity environment, smolder propagation was assumed to
be one-dimensional. Two configurations were considered:

(1) cocurrent, premixed-flame-like or reverse ; and (2)
countercurrent, diffusion-flame-like or forward. Viewed in a
frame of reference moving the oxidation zone, the solid fuel
and the gaseous oxidizer enter the reaction zone from the
same direction during cocurrent smolder, while in the
countercurrent configuration, the fuel and the oxidizer
enter from opposite directions. Forced and free cocurrent
smolder as well as forced countercurrent propagation were
examined.

In both configurations, the initial oxygen mass flux,
ﬁgi, emerges as a key parameter. Because all of the oxygen
reaching the smolder zone is consumed, the oxidation
velocity, v, increases approximately linearly with hé&. For
cocurrent smolder, v is determined by a global energy
balance between the energy released in the oxidation region

and the energy required to preheat the solid and the gas.

While for countercurrent smolder, both the oxygen and the
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char are completely consumed and consequently, Vv is
14

oi with the proportionality constant

proportional to m
determined by stoichiometry.

The fundamental differences between the two
configurations follow from the change in the oxygen flow
direction. In cocurrent smolder, energy is transferred from
the oxidation zone to the pyrolysis region by conduction and
radiation. Gas phase convection carries energy upward and
out of the system. Provided that the inlet gas velocity
varies slowly, cocurrent smolder reaches a steady state. On
the other hand, in countercurrent smolder, energy is also
transferred from the oxidation zone to the pyrolysis front
by gas phase convection. Because convection is a long range
"force", the pyrolysis front reaches a steady velocity which
ig different from the oxidation velocity when radial heat
losses are negligible. Thus, countercurrent smolder is
unsteady. Because energy convected by the gas phase preheats
the solid fuel in countercurrent smolder, temperatures
encountered in this configuration are usually higher than
those in the cocurrent configuration.

An analytical model of both forced and free cocurrent
smolder combustion was presented. Propagation of the smolder
wave was assumed to be steady in a frame of reference moving
with the wave. Smoldering was represented by a finite-rate,
one-step, oxidation reaction and radiation heat transfer was
incorporated using a diffusion approximation. The

dimensionless equations were very similar to those governing
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the propagation of a laminar premixed flame. A
straightforward extension of the activation energy
asymptotics analysis presented by Williams yielded an
expression for a dimensionless eigenvalue, J\, thus
determining the final temperature, T¢. A global energy
balance then determined the smolder velocity, v. Explicit
expressions were derived for the smolder velocity, v, and
the final temperature, T¢. An approximate extinction
criterion is identified.

A model of unsteady, forced, countercurrent smoldering
combustion was also presented. Smoldering was represented
utilizing a two step mechanism consisting of a pyrolysis
reaction followed by a char oxidation reaction. A "flame™
sheet approximation was used to model the oxidation
reaction. It was assumed that pyrolysis occurs at a known

temperature, T Because the two reaction zones moved at

p*
different velocities, countercurrent smoldering was
unsteady. Two cases were considered: (1) no residual ash,
$,M,=0, and (2) an ash layer forming beneath the oxidation
zone, Y M #0. The residual ash served as insulation, and
its presence lead to high peak temperatures. Explicit
expressions were derived for the oxidation velocity, v, the

maximum temperature, Tnhr @nd the pyrolysis front velocity,

vp. Results from the cocurrent and countercurrent analyses

~are summarized in the following section.

N
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6.2 RESULTS

Key results of the forced and free cocurrent and the
forced countercurrent analyses included:
6.2.1 Porced Cocurrent Smoldering Combustion

(1.) For a given fuel, the final temperature depends

only on the initial oxygen mass flux, m’

oir increasing

logarithmically with mJ; .

(2.) The smolder velocity, v, is linearly dependent on
7
oi’

o

m.: and at fixed m

oi increasing the initial oxygen mass

fraction, Y increases v.

oir

(3.) Steady smolder propagation is possible only for
Yoizceff(Tf'Ti)/Q' with extinction occurring when all of the
energy released in the reaction zone is used to heat the
incoming gas.

6.2.2 Porced Countercurrent Smoldering Combustion

(1.) The char oxidation velocity, v, is linearly
proportional to inlet oxygen mass flux, with the
proportionality constant determined from stoichiometric
conditions.

(2.) In t?e absence of radial heat losses, the
pyrolysis front velocity, Vpr approaches a constant value
which is, in general, different from v.

(3.1) For the no residual ash case, in limit of long
time (t-+o0), the maximum temperature, T, is determined by
balancing the energy released in the oxidation region with
the energy required to preheat the gas and radiation heat

losses.
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(3.2) When an ash layer builds below the smolder wave,
radiation heat losses from the bottom are negligible in the
limit £+ and T is much higher than in the no ash case.

(4.) Self-sustained countercurrent smoldering is only
possible when cg(Tm—Tp)/Qp> YoiVusMus/ VoMo s and solutions
cease to exist when the energy convected by the gas phase is
insufficient to drive the pyrolysis front.

6.2.3 Pree Cocurrent Smoldering Combustion

(1.) The inlet gas velocity, u is proportional to the

il
‘product of the gravitational acceleration, g, and ambient
pressure, P,.
(2.) The smolder velocity, v, is proportional to the
product, ngl
(3.) The final temperature varies logarithmically @ith
the quantity, ngk
Experiments are needed to test the predictions of the
current models. A brief discussion of possible experiments

is given in the next section.

6.3 FUTURE RESEARCH

An outline of the experimental study proposed in
Chapter 5 follows:

(1.) Experiments will focus on the countercurrent
configuration. The char oxidation velocity, v, the maximum

temperature, Tm'

and the pyrolysis velocity, vp, will be
determined for polyurethane, alpha-cellulose and wood dust.

Of special importance is the identification of materials
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that leave no residual ash, for flaming combustion is less
likely in such materials.

(2.) Further experimental study of forced cocurrent
smoldering is anticipated. Both the smolder velocity, v, and
the final temperature, Tg¢, will be determined as a function
of the ambient pressure, P,, at various values of the

initial oxygen mass fraction, Y and the inlet gas

oi’
velocity, uj.

(3.) An extinction limit for forced cocurrent
smoldering will be identified in the parameter space
consisting of the regions Yoi>o' P,>0 and ui>0.

(4.) For each fuel, an attempt will be made to identify
a critical temperature, Tgyzper abqve which flaming is
observed. |
Comparisons between the results of these experiments and the
predictions of current models will be used to establish the
range of validity of key assumptions in the analyses (such
as the one-dimensional propagation approximation). Such

comparisons will hopefully lead to refinements in the

theory.
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APPENDIX A
CHEMICAL KINETICS

Reaction mechanisms are presented for the smoldering
combustion of alpha-cellulose [28], GM-25 polurethane foam
[20], wood dust [32] and cellulosic insulation [46]. Upon
being heated, the solid undergoes pyrolysis, leaving behind
a black char. Oxidation of this char provides thé energy
required to sustain smoldering. A typical kinetic model
consists of at most two pyrolysis reactions and one
oxidation reaction. In all of these models, oxygen is the
only gas phase species that participates in the reactions.
The subscripts, o, us, ¢ and a, refer to oxygen, unburnt

solid, char and ash, respectively.

A.1 ALPHA-CELLULOSE

Moussa et al [28] investigated smoldering combustion
propagation in cylindrical, horizontal, alpha-cellulose fuel
elements. Degradation of the cellulose was modeled utilizing
two competing reactions,

Vys (Unburnt Solid) + Q.P,cMyg —» VChar ; (A-1)

and

9us(Unburnt Solid) + QgpvusMus —

Vgp(Gaseous Products) (A-2)
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Reaction rates are of the form,

 -E/RT
f."” - Yusps 7 € (A=-3)

where i"’is the mass of solid consumed per unit volume per unit
time, Y, fs is the density of the ungurnt solid, Z is the
pre-exponential factor and E is the activation energy. For
the charring reaction given in Eq.(A-1), 2= 106 sec'l,

= 110 kJ/mole and Q.= 0.37 kJ/(gm of fuel consumed) . While
for the gasification reaction in Eq.(A-2), Z= 5 X 107 sec'l,

E= 130 kJ/mole and Qgp= - 0.14 kxJ/(gm of fuel consumed).

Oxidation of the char was depicted by
yoChar + Y,0; —» Vg (Gaseous Products) + QYoM, (A-4)

Since the char is comprised primarily of carbon, the above
reaction can be approximated by C + O, -+ COj. The oxidation
rate was based on the outer surface area of the cylindrical

fuel element. This rate is given by

e u U; 'E/RT
e (LR) ze (-5

o . ]
where r is the mass of char consumed per unit area per unit

time, Y. is the oxygen mass fraction and P, is the ambient

(o}
pressure. Moussa et al [28] reported that the following
paramter values gave good agreement between the predicted
and measured extinction limit: Z = 109 kg/mzatml/zsec, E =

180 kJ/mole and Q = 12 kJ/(gm of O, consumed).



A.2 GM-25 POLYURETHANE FOAM
Ohlemiller et el [20] modeled the smoldering combustion
of polyurethane using a two step mechanism consisting of an

oxidative pyrolysis reaction and a char oxidation reaction,
Yus (Unburnt Solid) + )10y —

ycChar + ygpp (Gaseous Products) + QY,1My;  (A-6)
)

and

YcChar + Y430, —»

Yahsh + Vg5 (Gaseous Products) + QVooMgp  (A-7)

®
Rates of the reactions in Egs.(A-6,A-7) are

- E[RT
= (1-¢)(Yof%)(yu,@) zZ e : (A-8)

v N
r

and

2 (1-9) [\(Oﬁa)(‘(“@\ZE’.EIm— (A-9)
)

respectively. For the pyrolysis reaction, Z= 3.92 X 1011
m3/(kg sec) and E= 140 kJ/mole, while for the char oxidation
reaction, Z= 1.42 X 1011 m3/(kg sec) and E= 126 kJ/mole. The
energyiconsumed per mass of O, consumed, Q= 7.6 kJ/gm, was
determined by matching predicted and méasured smolder
velocities. Stoichiometric coefficients are given by:
Yo1Mo/ VgsMus= 0-085, Y Mo/ YygMys= 0-55+ VooMo/ YMc= 0.82,

and Y M,/)yMc= 0.27. Because the char oxidation is much
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faster than pyrolysis [20], Eqs. (A-6,A-7) can be well

approximated by
vus(Unburnt Solid) + Y 0, —

Y,Ash + (Gaseous Products) + Q) M, (A=9)

)

Yap

with VBMO/VusMus= 0.54 and Y M,/ )Y gMyg= 0-15. Moreover, the
rate at which the above reaction proceeds is controlled by

the (oxidative) pyrolysis rate.

A.3 WOOD DUST
Leisch et al [32] utilized four reactions to model the
smoldering combustion of wood dust,
Jus (Unburnt Solid) + QcVygMyg —r VcChar (A-10)
)
yus(Unburnt Solid)— vgpl(Gaseous Products)

+ QgplvusMus ) (A-11)

ycChar + Yo0p =V Ash + QY Mo (A-12)
e }

and

VChar + )0, -pvgpz(Gaseous Products) + QgpoVcMc (A-13)

Pyrolysis reaction rates are of the form

v s -E/RT
= (NyRYZe (A-14)

b

R R .
where r is the mass of unburnt solid consumed per unit



128

volume per unit time. For the charring pyrolysis reaction,

Isec™!

Z= 4,1 X 10 » E= 105 kJ/mole and Qc= 3.7 kJ/(gm of

fuel consumed). For the gasification reaction given in

Eq. (A-11), 2= 7.8 X 10°sec™l, E= 105 kJ/mole and Qgp1= 0-14
kJ/(gm of fuel consumed). Because the activation energies of
these two reactions are equal, Egs.(A-10,A-11) are

equivalent to

Yy (Unburnt Solid) + ngusMus’—*

Y Char + ybp(Gaseous Products) (A-15)

where Y.M./Y,cM,s= 0.34 and Qp= 1.2 kJ/(gm of fuel consumed).
The rate of the above reaction is still of the form in -
Eq. (A-14), but with Z= 1.2 X lolosec'l and E= 105 kJ/mole.

Oxidation reaction rates are of the form

" - E/RT
S S(Yo?a)"z(‘(c@ ze (A-16)

where S is the surface area of solid per mass of solid. For
a packing of spherical particles, S= 1r/f%dp, where dp is an
average diameter. Kinetic constants for the ash producing

reaction in Eq.(A-12) are: 2= 1.0 X 104 kg/m2atml/2s, E= 126
kJ/mole and Q, = 14.7 kJ/(gm of char consumed). While for the
gasification reaction in Eq. (A-13) 2= 1.0 X loskg/mzatmlfés,
E= 126 kJ/mole and Qa= 2.1 kJ/(gm of char consumed). Because

the activation energies for the two oxidation reactions are

equal,
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ycChar + y 0y —y Y Ash + Vgp(Gaseous Products)
+ QY M, (A-17)

where VaMa/Vgngp= 0.1 and Q= 3.4 kJ/(ém of char consumed).
The reaction rate is still if the form in Eq. (A-16), but

with 2= 1.1 X 10° kg/m?atm!/2s and E= 126 kJ/mole.

A.4 CELLULOSIC INSULATION MATERIALS

Rogers and Ohlemiller [46] employed a reaction
mechanism consisting of two consecutive oxidative reactions.
Reaction rate were of the form

N E/R
(-_m - s YO.‘B Z e‘ [RT (A-18)

fsi :
For the first reaction, 2z= 1013sec™!, E= 110 kJ/mole and Q=
4.2 kJ3/(gm of solid consumed), and for the second, Z= 1.25 X
10%sec™l, E= 165 kJ/mole and 25 kJ/(gm of solid consumed).
Ohlemiller and Lucca [19] reported that only the first

oxidative reaction is important in cocurrent smolder.

A.5 SUMMARY

Smoldering combustion was represented by a finite-rate,
one-step, oxidation reaction in the cocurrent analysis in
Chapter 2. This is a reasonable assumption for alpha-
cellulose, GM-25 polyurethane, wood dust and cellulosic

insulation. These materials have oxidation rates of the
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form

-E/RT
a ,b ,¢ d (A=19)
v = YL [% I; -T Z e s

where f} is the density of the solid fuel. Typical
values of the reaction orders a,b,c, and 4, as well as E, Q

and Z, are given in Table A-I.
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APPENDIX B
LOCAL THERMAL EQUILIBRIUM BETWEEN PHASES

In general, two energy equations must be considered,
one for the solid and one for the gas. When the solid and
the gas are in local thermal equilibrium (that is, TS=Tg),
the analysis is considerably simplified. For not only are
empirical models for the energy transfer between phases
unnecessary, the two energy equations collapse into one
equation. In this appendix, a criterion for checking the
validity of the thermal eqﬁilibrium assumption will bé
derived using a Biot number analysis.

A gas with velocity, u, flows about a spherical
particle of diameter, dp. The temperature distribution
inside the particle can be considered uniform at any given
time as long as the Biot number, Bi= hdp/ks, is much less
than one. The surroundings are at a uniform temperature, Too 7
the particle has an initial temperature, T;, and h is the

convection-coefficient. At time, t, the tempertature of the

particle is

T- TN -{/T’
T"‘"T% D

(B-1)

where the response time,'T = /écsdp/h, measures the length
of time it takes for the particle to come into thermal

equilibrium with its surroundings. When ‘U is much smaller



than the time characteristic of changes in the gas
temperature, xc/u, the gas and the solid remain in local

thermal equilibrium. That is, Ts=Tg when

uT P. coudp
2 = s °5 ¢ 1 (B-2)
XC. xck b/

where x. is a distance characteristc of changes in

C

temperature. When the Reynold's number, Re= udp/u ;, is

small,
Nu - kAP ~ Q (B-3)
Combining Egs. (B-2,B-3) gives

2
@ Co U °\P w1 (B-4)
3 *¢ \<5 b

as the criterion for local thermal equilibrium. Typically,
xcglo-ozm, u :}:10'3 m/s, cg 1 kJ/kg and kgz0.03 W/m K. For
polyurethane, psxnoo kg/m3, and the criterion is

d,<<7 X 107%m while for alpha-cellulose, £ 500 kg/m3,
giving dp<<10'3m. It is evident from the electron microscope
photographs of polyurethane and cellulose in Figs.2-2A and

2-2B that the criterion for local thermal equilibrium 1is

approximately satisfied.
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APPENDIX C

DERIVATION OF THE TRANSPORT EQUATIONS

C.1 GENERAL ASSUMPTIONS
The distance characteristic of changes in the pore

structure of a permeable material, 4 is defined as six

p’
times the volume of the solid phase divided by its surface
area. For a packed bed of spherical particles, dp is the
average diameter of the particles. The equations governing
smoldering combustion are amenable to analysis for a

p* If‘dp is small, on the order of the
mean free path of the gas molecules, A , the diffusion

particular range of d

processes become exceedingly complex. There is no hope of

using formulas as simple as Fick's law of diffusion or
Fourier's law of heat conduction. On the other hand, when dp

is large, of the same order of magnitude as x the distance

c’
characteristic of changes in temperature and species
concentrations, the particles must be considered
individually [1]. When dp<<xc, the solid phase can be
considered continuous and average quantities, such as a void
volume fraction, ¢ , and an effective thermal conductivity,

keggr can be defined. In the following discussion, it is

assumed that A << dp<< X



C.2 CONSERVATION OF ENERGY
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The solid phase and the gas phase are assumed to be in

thermal equilibrium - that 1is, Ts=Tg. A criterion for

checking the valididty of this approximation is derived in

Appendix B. Consider a volume of space, V , that is

stationary relative to the laboratory. The boundary of V is

A. Neglecting the work done by viscous forces, the

conservation of energy requires that

rate of
accumulation
Cof internal
and kinetic

energy
' ) §

where

(gas+solid) internal
and (gas) kinetic
energy stored in V

internal and kinetic
energy of the gas
phase convected out
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which the gas
+ { does work against}
surface and body

forces

r

~

v

r‘

A

<

+

]

L out

/

the rate at

by chemical
L reactions

[ 8 (e,+ L) (k-] dA

V- [86 e+ Lunw ) AV

net rate}
at which
- ({ energy )
diffuses

which energy
 is released

/

[(1-8)he, +8h ey + Lopw]dv



136

energy diffusing out = g (R .q )OIA :J ﬁ-i dVv
v

gas does work against :

A
the rate at which the
static pressure

A

the rate at which

gravity does work = ¢P (5’ ﬁ) 4V
on the gas “ 2

\"
the rate at which r M
energy is released by - Q dV
chemical reactions J

v

In differential form, conservation of energy gives

- » 11!

Zl0-drne,+apersoaw] - 31+ & agug

-\ - [ @ 63(“5" slu-z}a:] e

When the Dufour effect, energy transfer due to concentration

gradients, is unimportant, the heat flux is

-l

- ] Y (C=-2)
U=~ Keee VT + Qvad

The effective thermal conductivity, k ge= gbkg+(1-¢)ks,
accounts for energy transfer due to conduction in both solid
and gas phases. Neglecting chemical energy, the internal

energy of the solid phase is



w

T
= C AT Cc-3)
es s 5 (
T
and the gas phase enthalpy is
T
Co, dT (c=4)
h -_S %
% b/
T
where Cq is the gas specific heat (at constant pressure). In

most smolder applications, the work done by gravity and the
(kinetic and internal) energy stored in the gas phase are
negligible ([1]. Typically, the ratio of the work done by
gravity to the energy convected by the gas, xcg/chi, is of
&(10'7), the ratio of the gas phase kinetic energy to the
energy convected by the gas, uz/chi, is of @(10”11), ana
the ratio of the internal energy stored in the gas to that
stored in the solid, ¢Fg/(1-(b)[os, is of &(0.02). Equation

(C-1) now gives

Sela-oke] = - - [op hoth |t Q'
=> - o =
+V~KK€HQ71 - Q.av‘) 3 (=5)

which is the basis for Eq.(9) in Chapter 2 and Egs.(4,5) in

Chapter 3.
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C.3 CONSERVATION OF SPECIES
C.3.1 Gas Phase

Conservation of gas phase species regquires

the rate the net rate at the rate of
at which - _ |which species i + generation of
species i is convected species i (by
accumulates out of V chemical reactions)
where

the mass of species i .
stored in V - j o %Y‘% aV
V'

mass of species i
convected out

ang‘g N (er;)ldA

|
j ¢f3Y,3(u+V)]°W
v

the rate at which species i - U d
is generated - hhﬁ V

v

In differential form, conservation of species requires

% 105‘05\‘.5] : - [dﬂj‘{.a(uw V; 3]4 ' " (c=6)

14

When the Soret effect, mass transfer due to temperature
gradients, is unimportant, pressure gradient diffusion is
negligible and the binary diffusion coefficients of all

pairs of species are egqual, the diffusion velocity can be
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approximated by [2]

3 - DI llog ¥,

Equations (C-6,C-7) are the basis for Egs.(6,8) in Chapter 2
and Eg.(6) in Chapter 3.
C.3.2 Solid Phase

Noting that the solid is stationary in the laboratory

frame of reference, conservation of solid species requires

rate at which the rate at which
species i = |species i is generated
accumulates (by chemical reactions)
where

the mass of species i
stored in V

(1'¢)&\ﬁsav
v

the rate at which species 1 = \b;" daVv
>

is generated

iIn differential form, conservation of solid phase species

gives

% [(1-¢)@\{.‘5']= Wi ’ (c-8)

which yields Eg.(7) in Chapter 2 and Egq.(8) in Chapter 3.
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Experimental Observations of the Effect of Pressure
and Buoyancy on Cellulose Co-current Smoldering

J. L. Newhall, A. C. Fernandez-Pello and P. J. Pagni
Department of Mechanical Engineering, University of California, Berkeley, CA 94720, USA

An experimental study bas been performed to determine the potential effect of buoysncy on the rate of propagation of a
co-current smolder reaction through a porous solid fuel, and the range of flow velocities where buoyaucy effects are

significant. In the co-current smolder reaction, the foel and ox

idizer eater the reaction zone from the same direction. In

the present experimeats this is accomplished by initiating the reaction at the top of the foel bed, a~cellulose packed at a
void fraction 0.85, so that the smolder wave propagates downward opposing an upward forced flow of air. Since in a
stratified density field, buoyancy is proportional to the product of gravity and density difference, buoyancy can be
controlled by varying either the gravity vector or the gas deasity. In this study the latter method is followed, varying gas
density through the ambient pressure at which the experiments are performed. The smolder velocity is measured for air
flow rates varying from 02 to 6gm~?s* at constant ambient pressures of 0.6, 0.8 and 1 atm. The resalts show that for

ity increases linearly with the air flow rate bat is independent of

flow rates larger than 1 gm ™25~ ! the smolder velocity

pressure. The reaction peak temperature weakly dependent on flow rate and independent of pressure. For the present

experimental conditions the effect of buoyancy is only observed at very low air flow rates. The mechanisms by which it

affects the smolder process appears to be by altering the

downstream of the reaction.

INTRODUCTION

Smoldering is defined as a non-flaming, exothermic,
surface reaction that propagates through a porous com-
bustible material.!*2 Although this form of combustion is
present in a variety of practical combustion processes, itis
particularly important in the fire-safety field because of its
role in the initiation of fires. Fires are often triggered by a
sudden transition from a slow smoldering reaction to
rapid flaming, quickly involving adjacent materals. Fur-
thermore, since it may take place in the material interior
and be of low intensity, it can progress undetected for
long periods of time, and be difficult to suppress because
the porosity of the material prevents the access of the
extinguishing agent to the reaction zone. Thus the under-
standing of the physical and chemical mechanisms con-
trolling smoldering is important not only because
smoldering is a fundamental combustion process but
because such understanding can be critical to the pre-
vention and control of destructive fires.

The basic mechanisms of smolder propagation are
fairly well understood.! The heat released during the
heterogeneous oxidation of the solid is transferred
toward the virgin material by conduction, convection and
radiation, supporting the propagation of the smolder
reaction. The oxidizer in turn is transported to the
reaction zone by diffusion and convection. These trans-
port mechanisms influence not only the rate at which the
smolder reaction propagates but also the limiting pro-
cesses of transition to flaming and extinction. Smoldering
is customarily classified into co-current and counter-
current configurations, according to the direction in
which the fuel and oxidizer enter the reaction zone. In the

0308-0501/89/040145-06505.00
© 1989 by John Wiley & Sons, Ltd.

transport of air to the reaction zone from upstream and

reference frame of the reaction zone the fuel and oxidizer
enter the reaction from the same side in co-current
smolder, while in counter-current the fuel and oxidizer
enter from opposite sides.

Buoyancy can play a significant role in the above
transport mechanisms because of the gas density strati-
fication at the reaction zone. Under natural convection
conditions, buoyancy interacts with the transport of heat
and mass by diffusion. At low forced-flow velocities it
interacts with both diffusion and convection. This leads
to another classification of smoldering according to
whether the propagation of the smolder front is in the
same direction (downward) or opposite direction (up-
ward) as the gravity vector. Most of the experimental
work that has been done in the past on smoldering
combustion has focused in analyzing the effect oxidant
composition and velocity on the smolder reaction
rate.~2 Except for the work of Dosanjh et al.,*® which
has a limited scope, no systematic study has been done to
date of the effect of buoyancy on the smolder combustion
process. This is the objective of the present investigation.

Experiments are performed to study the effect of the
mass flow rate of oxidant and of the buoyancy force on
the propagation velocity and reaction temperature of a
downward, co-current, forced-flow smolder reaction. The
porous combustible is a-cellulose with a fix void fraction
and the oxidant is air. In the experiment the buoyancy
force is controlled through the ambient pressure, accord-
ing to the relation g(p,— ps)~gP(T,—T,). where the
subscripts u and b indicate unburnt and burnt gas
conditions. Since the reaction rate can also depend on
pressure, the method is best applicable when the chemical
reaction is not strongly dependent on pressure. As will be
shown later, this appears to be the case for smolder
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combustion, thus facilitating the interpretation of the
experimental results.

EXPERIMENT

A schematic diagram of the experimental installation is
shown in Fig. 1. It consists of a one-dimensional, forced-
flow, co-current smolder apparatus and the supporting
instrumentation. The apparatus is contained in a pressure
vessel 1.8 m in diameter and 3.3 m long that is used to
control the experiment pressure. Acrylic windows located
at opposite sides of the vessel provide optical access to the
test area. The test section containing the porous com-
bustible is a 0.12 m in diameter by 0.16 m high vertically
positioned pyrex cylinder. The diameter was selected to
reduce any two-dimensional effects to a minimum while
maintaining a laboratory scale. To ensure uniform air
flow through the test section, the lower end of the cylinder
is tapered and filled with glass beads. A wire mesh sits on
the beads and also supports the fuel. Small holes placed
longitudinally along the side of the cylinder allow the
positioning of thermocouples in the porous material.

The air flows into the test section from a 51 settling
tank that is used to provide enough differential pressure
to overcome the losses through the flow lines and flow
meters. The air-metering system is composed of a Tylan
Corporation I-3 Imin~! mass flow meter and controller.
The air pressure in the lines after the flow meter and in the
test section is slightly above (of the order of 10 Pa) that in
the vessel. To keep the vessel pressure constant during the
tests and to avoid the flow of combustion products
through the vessel main vacuum pump, the exhausts from
the test section are collected in a hood and removed from
the vessel with a second, smaller, vacuum pump. The
vessel’s pressure is continuously monitored during the
experiments to ensure that the balance between the inlet
and outlet flow is maintained.

The fuel (a-cellulose in these experiments) is pre-
weighed and placed into a fixed volume in the pyrex
cylinder to maintain a constant void fraction of 0.85
throughout the experiments. Five chromel-alumel
thermocouple probes 0.8 mm thick (wire diameter
0.12 mm) extending horizontally into the center of the fuel
bed are placed 2 cm apart, with the first thermocouple
Iocated 2 cm beneath the top of the fuel bed. The thermo-
couples are connected through a multiplexer to a real-
time data-acquisition system, which stores and converts
the thermocouple emf into temperature. The temperature
histories from each thermocouple are used to calculate
the smolder velocity from the lapsed period of smolder
reaction passage and the distance between thermocou-
ples. The computed velocity is an average value. At near-
extinction conditions, the peak temperature decreases as
the smolder front propagates into the fuel bed (Fig. 3). In
those cases only the data from the first two thermo-
couples were used to calculate the smolder velocity. The
combustion of the cellulose is initiated at the top of the
fuel bed with a methane flame that impinges uniformly on
the fuel. The methane is spark ignited with a high-voltage
induction coil. Initially flaming occurs but quickly dies
down and smoldering commences. The smolder reaction
propagates downward opposing the air flow, which is
forced upward through the porous combustible. The
resulting smoldering configuration is therefore of the
downward, co-current type.

RESULTS AND DISCUSSION

Measurements are performed of the velocity of down-
ward co-current smolder propagation through cellulose
for air mass flow rates ranging from 0.2to 6 gm~2s~! for
fixed pressure levels of 0.6, 0.8 and 1 atm. Two character-
istic examples of the temperature histories from each

Figure 1. Schematic of experimental installation.
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Temperature (c)

Tina (s)

Figure 2. Temperature histories at intervals of 2 cm for an air mass
flux of = 5.7 gm™~2s"" and an ambient pressure of P = 0.6 atm.

Tesperature fc)

Tise (thousands of sec)

Figure 3. Temperature histories at invervais of 2 cm for an air mass
flux of m=0213gm"2s™' and an ambient pressure of
P=10.6 am. ;

thermocouple are presented in Figs 2 and 3. The case of
Fig 2 corresponds to a vigorous, constant-velocity, smol-
der reaction. Figure 3 corresponds to a reaction that is
weakening as it propagates through the cellulose and that
eventually extinguishes probably for lack of oxidizer. The
temperature profiles show how the fuel temperature
increases as the reaction zone approaches the thermo-
couple location. As the reaction proceeds past the
thermocouple a peak in temperature is recorded. This
temperature is defined in this work as the smolder
reaction temperature. After passage of the reaction, the
temperature decreases due to heat losses through the test
section walls and downstream to the environment. After
the reaction zone has reached the bottom of the fuel a
second temperature peak is often recorded, generally
beginning with the lowest thermocouple. This seems to
indicate the onset of a backwardly propagating second-
ary reaction involving the residual char.

The arrival of the smolder reaction at the thermo-
couple position is characterized by the maximum in the
temperature profile. This maximum, however, is not well
defined, which introduces inaccuracies in the definition of

Seolder Valocityx 107 (cm/m)

OJ 1 1 ] 1
(] 2 4 5
Alr Mass Flux (n/l’s)

Figure 4. Variation of the smolder velocity with the air mass flow
rate for constant pressures of 0.6, 0.8 and 1 atm.

the smolder front arrival time and, consequently, in the
calculation of the smoldering velocity. However, if for a
given flow rate and pressure the smolder velocity is
constant, the measured temperature profiles at each
thermocouple location have approximately the same
slope. Thus the time for the reaction zone to pass from
thermocouple to thermocouple may be calculated by
defining a reference temperature common to all the
temperature profiles. The reference temperature used in
this work was 500°C. The displacement times are then
averaged and divided by the known distance between
thermocouples to calculate the smolder velocity. The
method is not applicable when the smolder velocity is not
constant, as is the case represented by the temperature
profiles of Fig. 3. These cases require a careful exam-
ination of the temperature profiles to interpret the cha-
nges that are occurring in the smolder reaction. Since the
velocity is not constant, only the first two thermocouples
are used to calculate the smolder velocity.

The variation with the air mass flow rate of the
measured smolder velocity is presented in Fig. 4 for the
three ambient pressures used in these experiments. It is
seen that the smolder velocity is approximately linearly
proportional to the air mass flux at least for flow rates
larger than 1 gm~2s~!. This linear relationship is in agree-
ment with the theoretical predictions of Rogers and
Ohlemiller® and of Dosanjh and Pagni®!® for forced flow
co-current smolder. For mass flow rates less than I g
m~2s"! the smolder velocity appears to level off, deviat-
ing from the linear relationship. This is an indication that
at this low flow rate buoyancy may have some effect on
the smolder process and that the transport of mass and
heat may be controlled by mixed rather than forced
convection. A mechanism that may be very important at
these flow rates is the convection and diffusion of air from
the top back toward the reaction zone. The convection
currents are buoyantly generated by the raising post-
combustion gases and the diffusion is the result of the
difference in oxygen concentration between ambient and
the smolder zone.

Results of Fig. 4 also show that for mass flow rates
larger than 1gm™2s~", the smolder velocity is practically
independent of ambient pressure at least for the present
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experimental conditions and range of pressures tested.
For low flow mass rate it seems that there is a weak
pressure dependence of the smolder velocity which in-
creases slightly as the pressure is increased, although the
data scatter raises questions about the inferred trend.
These results indicate that the smolder reaction itself is
not very sensitive to gas pressure and that the observed
pressure effect at the lower flow rate is due more to
transport mechanisms (i.e. buoyancy) than to chemical
kinetic mechanisms.

The dependence of the smolder reaction temperature
on the air mass flux is presented in Fig. 5 with pressure as
a parameter. The scatter in the data is due to the difficulty
of defining the smolder reaction temperature, chosen here
as the maximum temperature, and to experimental errors
inherent in the technique used to measure the temper-
ature and in the difficulty of packing the cellulose uni-
formly. These errors include the use of relatively thick
thermocouples, the presence of heat losses through the
thermocouples leads and uncertainties in the contact of
the thermocouple junction with the porous cellulose. For
this reason, the temperature data should be used to
analyze relative effects and not absolute values. The
temperature data of Fig. 5 reveals a moderate dependence
of the smolder reaction temperature on the air mass flow
rate, decreasing as the flow rate decreases. This result
agrees qualitatively with the predictions of Dosanjh and
Pagni.!! With regard to the dependence of the temper-
ature on the gas pressure, no systematic variation is
observed within the scatter in the data. Only at very low
air flow rates there is indication of a possible weak
dependence of the smolder temperature on pressure,
decreasing as the pressure decreases.

The weak dependence of the smolder velocity and
smolder reaction temperature on the ambient pressure
are indicative that the smolder reaction itself may only be
weakly dependent on pressure, at least for the range of
pressures tested. The observation of Dosanjh et al.*® that
smolder occurs at ambient pressures as low as 0.4 atm
provides further confirmation of the above conclusion.
The weak dependence of the smolder reaction on pressure
may be the result of the surface reaction characteristics of
the smolder process, which limits the dependence of the
reaction rate on the gaseous species concentrations to

e ° s
_soo—°o g s
[¥]

s 1, . 3

A S

-

gm;—

s

-

s po

~N

8

3300;— QO Paiets

o

i Pe .8
— 3 P~ _.Bastp

. L 1 { 1

% 2 4 [

Air Mass Flux (g/m’s)

Figure 5. Variation of the peak reaction temperature with the air
mass flow rate for constant pressures of 0.6, 0.8 and 1 atm.

that of the oxidizer only. Another possibility is that since
the smolder process is limited by the oxygen supply rate,
the kinetics of the oxidation process does not have a
strong influence on the rate of smolder propagation.

The weak dependence of the temperature on pressure
permits the direct interpretation of the experimental data
in terms of the variation of the smolder velocity with
buoyancy. Assuming ideal gas behavior, the buoyancy
force can be calculated through the relation g(p,—p.)
~gP(T,—T,), where the subscript u indicates ambient
conditions and subscript b the conditions after smolder
reaction passage. Thus the data from Figs4 and $ in
conjunction with the above expression can be used to
deduce the dependence of the smolder velocity on the
buoyancy force. The resuits are presented in Fig. 6, with
the air mass flux as a parameter. It is seen that buoyancy
does not appear to influence the smolder velocity except
for very low mass flow rates, where the data indicate a
weak dependence of the smolder velocity on buoyancy,
decreasing as buoyancy decreases. Thus it can be conclu-
ded that for the present experimental conditions,
buoyancy has only a minor influence on the smolder
process, and that theoretical models of forced-flow co-
current smoldering are applicable to describe the ex-
periments. The small influence of buoyancy on the pre-
sent experiments is understandable since the propagation
of the smolder front is practically unidimensional, the
density stratification is such that gravity has a stabilizing
effect, and the motion of the air through the cellulose is
deterred by its low porosity. The role of buoyancy should
become more important as the void fraction of the fuel is
increased or the direction of smolder propagation is
changed. With cellulose, however, it is difficult to attain
larger void fractions or to perform the experiments for
upward propagation.

The present experimental results can be used to com-
pare the predictions of the theoretical models of forced
flow co-current smolder because of the minor role that
buoyancy places on the process. The analysis of Dosanjh
and Pagni!! gives the following expression for the smol-
der velocity in terms of the air mass flux:
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Figure 6. Calculated variation of the smolder velocity with the
density difference (g, — p, ). i.e. buoyancy, for constant mass fiuxes.
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where V, is the smolder velocity and rit; the air mass flux.
For the application of Eqn (1) to the present experiments
the following data are used:”'° cellulose void fraction ¢
=0.85: cellulose density p,;=620 kgm~?; oxygen mass
fraction Y,=023; effective specific heat c,=1kJ
kg~ ! °C; reaction temperature T, =600°C; ambient tem-
perature T,=20°C; the heat of combustion @ for a
cellulose smolder reaction is not well known. Its value for
a flaming reaction is around 12 500 kJkg~1.” However,
Ohlemiller et al.B-!? suggest a considerably lower value.
Substitution of the above values in Eqn(l) gives a
smolder velocity of ¥,=37 m{ in comparison with the
experimental value of ¥V, =11 m{. If a heat of combustion
of 0=6000kJkg™! is used, excellent agreement is ob-
tained between the theory and the experiments. The
noted differences in the heat of combustion may be due to
the fact that the amount of char consumed aflects the
calculated value for Q, and this amount is experiment
dependent.

Although the value of the heat of combustion has a
major influence on the predictions of Eqn (1) there are
also other differences between the model and the ex-
periments that can explain the quantitative differences
between the predicted and measured smolder velocity.
One is the assumption that the char temperature remains
constant and equal to the reaction temperature. The
experiments, however, show that the temperature drops
significantly downstream from the reaction zone (Figs 2
and 3). How quickly and how much the temperature
drops seems to depend mainly on the air flow rate. At
higher flow rates there is sharper and larger fall in
temperature than that found at lower flow rates. This
seems to be related to the amount of fuel consumed by the
smolder reaction and consequently to the residual mater-
ial left after the smolder reaction passage. At high mass
fluxes there is less residual char/fuel behind the smolder
front to insulate the reaction zone. The larger heat losses
result in larger temperature drops downstream from the
smolder reaction, contrary to the model assumption that
the residual material totally insulates the reaction zone.
The heat losses to the environment result in lower
smolder velocities than those predicted by the model.

Another effect to consider is the assumption in the
model that all the oxygen is consumed by the smolder
reaction. However, it is not certain that this is true in the
experiments, particularly at the higher air fluxes, where
all the fuel is consumed and only ash is left behind the
reaction. Thus the reaction may not always be oxygen
limited as assumed in the model, which also will result in
smolder velocities that are lower than those theoretically
predicted. Finally, there is the possibility that the actual
fuel void fraction is dependent on the air flow rate,
increasing with it, which would affect the comparison of
the experiments and theory.

CONCLUSIONS

The experiments conducted in this work on the down-
ward propagation of a forced-flow, co-current smolder
reaction through porous cellulose show that buoyancy
has a minor influence on the propagation velocity and
temperature of the smolder reaction. This seems to be the

combined result of a relatively low fuel void fraction and
the stabilizing influence that gravity has in this smolder
configuration. The effect of buoyancy is only observed at
very low mass fluxes, which is understandable since
inertial forces are then at a minimum. The mechanism by
which buoyancy affects the smolder process is, however,
not evident. One possibility is the generation of flow non-
uniformities due to heat losses to the walls or irregu-
larities in the fuel distribution, which would be enhanced
by the gravity. Another potential mechanism is the
diffusion and convection of air from the top to the
reaction zone. This transport process can only occur at
very low forced mass fluxes, when the upward forced
convection cannot totally counteract the downward dif-
fusion and convection of air to the reaction zone. The
resulting smolder reaction would be a mixed co-current
and counter-current downward-propagating reaction.

The above mixed type smolder reaction is quite inter-
esting, since it is likely to occur in practical situations. To
observe the relative effect of the transport of air from the
top to the reaction a few experiments were performed
where an inverted funnel was placed over the test section
to accelerate the hot downstream gases and in that way
prevent the downward diffusion and convection of air to
the reaction. The result was a noticeable reduction in the
smolder velocity for a mass flux of 0.5gm™?s™*, and the
eventual extinction of the reaction for a mass flux of
0.2gm™2s~! and a gas pressure of 0.6 atm. The temper-
ature histories for this last case are those presented in
Fig. 3. The temperature profiles show that the smolder
reaction was strong when it reached the first thermo-
couple but that as it progressed downward through the
cellulose it weakened. This is evident because the smolder
propagation slowed down, the reaction zone widened and
the temperature decreased. Finally, at the approximate
location of the fourth thermocouple the reaction did not
sustain itself and extinguished. This decay of the smolder
reaction as it propagated downward through the cellu-
lose clearly demonstrates that diffusion and convection
from the top can contribute to sustain the smolder
reaction. Their contribution, however, is limited by the
build-up of the residual ash/material layer behind the
propagating reaction. As this layer grows, or becomes
denser, the access of air to the reaction from the top
become increasingly restricted until finally the reaction
must depend only on the upwardly forced air flow. If this
flow is not enough to sustain the reaction, extinction will
OCCur. )

It should be again emphasized that the results of this
work, particularly those related to the effect of buoyancy,
are dependent on the experimental conditions. For ex-
ample, it is likely that increasing the fuel void fraction, or
the oxidant oxygen concentration, will vary the nature of
the results. This is because in the former case the drag
force would decrease and in the latter the density differ-
ence would increase, which in both cases would resultina
more favorable situation for the establishment of natural
convective flows.
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ABSTRACT

An experimental study is carried out to determine the effect of buoyancy on the propaga-
tion velocity of a free convection smolder reaction through a porous combustible material.
Measurements are performed of the smolder velocity through polyurethane foam as a function of
its location in the sample, the sample size, and the direction of propagation. The smolder velo-
city is obtained from the temperature histories of thermocouples placed at fixed intervals along
the fuel centerline. Upward and downward burning free convection experiments show that
buoyant forces cannot overcome the drag forces in specimen longer than 50 mm. Even in speci-
men longer than 50 mm extinction did not occur, indicating that the air inside the fuel pores pro-
vides enough oxidant for the smolder process to self-sustain. This conclusion is particularly
important for a space based environment where gravity and consequently buoyancy could be

negligible.
INTRODUCTION

Smoldering is defined as a non-flaming surface combustion reaction propagating through a
porous fuel [1]. Although present in a variety of combustion processes, it 1s of particular interest
in the fire safety field because of its role as a potential fire initiation source. Smoldering
combustion is an oxygen-limited phenomenon which once established it is very difficult to extin-
guish. Circumstances that would suppress flaming often favor smolder and it is even possible
for a smoldering combustion process to propagate and persist in the absence of any convection
(forced or free), therefore it represents a serious fire hazard. Smoldering involves complex
processes related to fluid mechanics and heat transfer in a porous media together with surface
chemical reactions. Physical factors like fuel surface area per unit volume, permeability to gas
flow, rate of heat loss from the reaction zone, and the nature of the ignition source are important
in determining the smolder characteristics because they affect the controlling mass and heat tran-
sport processes. Chemically, the porous combustible material can sustain complex surface reac-
tions that produce heat and combustion products. The interaction between the physical and
chemical processes determines the final characteristics of the smolder reaction.

Most of the work that has been done to date on smoldering combustion has concentrated in
analyzing the effects of oxidant composition, velocity and pressure on the smolder reaction [2-
8). The works of Refs. [9,10] are the only ones that specifically address the problem of the
potential influence of buoyancy on the smolder reaction. In those works powder Cellulose was
used as combustible porous material. The present study is a continuation of the above works,
and has as objective to experimentally observe the effect of buoyancy on free convection, co-
current, smoldering combustion of Polyurethane foam. The interest of using this material is two-
fold: it is a commonly used material, and its structure permits upward burning experiments
without collapsing problems as it occurs with Cellulose or other lose materials. The study of
buoyancy effects on smoldering is accomplished here by comparing the smolder characteristics
of downward and upward smolder propagation. The smolder velocity and temperature are meas-
ured at different locations in the sample and compared for different sample sizes and for both

orientations. o
EXPERIMENT

The fuel used in the experiments is an open cell, unretarded, white polyurethane foam, with
a 26.5 Kg/m® density and 0.975 void fraction. The porous fuel is contained in a vertical paral-
lelepiped consisting of an aluminum frame and insulation Fiberfax walls whose basic composi-
tion is alumina-silica and binders. The parallelepiped dimensions are varied to determine the
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effect of scale on the smolder process. The wall material was selected for insulation purposes in
an attemnpt to ensure a one dimensional smolder spread in a region of at least 50 mm in diameter
from the sample centerline. The foam ignition is accomplished with an electrically heated
igniter placed in close contact with the foam. The igniter is made of a nichrome wire placed in
between two, 1 cm thick, porous ceramic honeycomb plates that provide rigidity to the igniter
and heating uniformity. To insulate the ignition zone and simulate an ongoing smolder process,
a layer of char from an already smoldered foam is placed at the other side of the igniter. The
foam ignition requires a supply of 10.3 J/mm? for approximately 10 min. Most of this energy is
used to heat up the igniter ceramic plates.

Eight Chromel-Alumel thermocouples 0.8 mm in diameter are embedded at predetermined
positions in the porous fuel with their junction placed in the fuel centerline. The rate at which
smolder spreads is measured from the temperature histories of the thermocouples, and is calcu-
lated from the time lapse of reaction zone arrival to two consecutive thermocouples and the
known distance between the thermocouples. This velocity is assigned to be the smolder propa-
gation velocity at the mid point between the two thermocouples. The arrival of the reaction zone
is characterized by a maximum in the temperature profile. However, under most experimental
conditions this maximum is not sharply defined, and the location of the solder zone is obtained
by drawing tangents to the temperature curves and cutting them by a line at a temperature near to
the maximum (350°C in this work). The smolder velocity is calculated from the time lapse
between two consecutive intersections.

In the downward smoldering experiments the foam is ignited at the top and the smolder
propagates downward, and in the upward smoldering ones the foam is ignited at the bottom and
the smolder propagates upward. In the former case, the igniter/char layer minimizes the income
of air from the top, so air is expected to be naturally induced from the bottom toward the reac-
tion zone and products to leave pass the char toward the top. In the latter case the air is expected
to come also from the bottom but flowing through the char layer toward the reaction zone, and
the products to flow through the foam toward the top.

RESULTS

Experiments are performed for samples with square cross section 152 mm in the side and
heights of 125 mm, 150 mm, 175 mm, 200 mm, and 300 mm (smaller samples were also tested
but the results were so influenced by the end effects that did not provided useful information).
The measured smolder propagation velocities at different positions along the sample are
presented in Fig. 1 for downward and in Fig. 2 for ug_ward smoldering. The origin of the x-axis
(labeled Depth) corresponds to the ignition plane. Fig. 1 shows that in downward smoldering
there is an initial zone, approximately two inches deep, where heat transfer from the igniter
results in a slightly higher smolder velocity than in the sample center. This zone is followed by
another one where an approximately constant smolder velocity is observed. The length of this
region increases with the foam length. Then there is a final zone two inches deep that is charac-
terized by a strong increase in the smolder velocity. For upward buming (Fig. 2) it can be
observed a slightly longer igniter affected zone that is followed by another zone were the spread
rate stays almost constant, and again a final zone were the smolder velocity increases sharply.

For downward smolder, the buoyant plume generated by the hot combustion gases is not
able to overcome the pressure drop created by the foam in the initial two zones, therefore the
reaction sustains itself by mainly using the air contained inside the foam pores. The smolder
velocity in these zones becomes smaller when the length of the sample is increased, which indi-
cates that there is always a small amount of air flowing through the fuel from the bottom, cither
by diffusion or natural convection. In the last two inches of foam the buoyant plume is able to
overcome the pressure drop and naturally induced air reaches the reaction zone, enhancing its
smolder propagation velocity.

For upward bumning, the reaction products are not able to push their way upward out of the
foam, and thus the oxygen cannot be buoyantly drawn from the bottom due to the elevated pres-
sure generated inside the foam by the trapped products. The products dilute the oxygen
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concentration in the foam porous, and therefore a decrease in the reaction rate along with a
decrease in the smolder velocity occurs. The temperature distributions along the fuel sample
presented in Fig. 3 clearly show that for upward smolder there is a decrease in the reaction tem-
perature along the middle region of the sample. However, in this configuration the products also
preheat a larger region of the unburnt fuel. The balance between the lower smolder temperature
and the larger preheated region results in an almost constant spread rate, as it is shown in Fig. 4.
Finally, as the fuel is burnt the pressure drop inside the foam decreases letting air flow through
the sample and thus increasing the oxygen concentration and consequently the smolder tempera-
ture and velocity. '

It is important to note that for small samples the end effect is going to be similar for both
upward and downward smolder. However, as the size of the sample is increased the buoyant
forces become larger in the upward case, which results in an earlier overcome of the pressure
drop and an earlier increase in the smolder velocity (Fig. 4). It should be also pointed out that
the larger smolder velocities in the constant zone obtained for the 300 mm samplie are due to end
effects caused by draft in the hood were the experiments are conducted and not to an actual fuel
geometry effect. In this case the sample was too long for the hood being used in the tests and the
Tnfluence of the drafts that the hood generates was bigger than in the other smaller samples. A
series of experiments were also carried out without the char layer at one of the igniter sides. For
both downward and upward configurations smoldered self-sustained initially; the downward
smolder with a constant velocity of 5.10-3 cm/sec until it extinguished due to heat losses, and the
upward with a decreasing rate that reached a minimum of 1 x 10~3 cm/sec before extinguishing
due to depletion of oxygen and heat losses.

CONCLUSION :

The results of this work show that for the present fuel and test conditions buoyancy has
only a limited role in one dimensional smolder combustion because the buoyant forces generated
by the postcombustion gases are not capable of overcoming the pressure losses generated in the
porous fuel interior. They also show that the air contained in the fuel pores is capable of sustain-
ing a smolder reaction that, although weak, is self-propagating. Under these conditions both
upward and downward co-current smolder have similar smolder velocities. This result is of par-

ticular interest for the prediction of smolder in a space based environment.
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ABSTRACT

An experimental study is carried out of the effect on the
propagation velocity of a smolder reaction of a forced flow of
oxidizer opposing the direction of smolder propagation. The
experiments are conducted with a high void fraction polyurethane
foam as fuel and air as oxidizer, in a geometry that approximate-
ly produces a one-dimensional smolder propagation. Measurements
are performed of the smolder propagation velocity and smolder
reaction temperature as a function of the flow velocity, location
in the sample and direction of propagation (downward and upward).
For both downward and upward smoldering three zones with distinct
smolder characteristics are identified along the foam sample. An
initial zone near the igniter were the smolder process is influ-
enced by heat from the igniter, an intermediate zone where smol-
der is self-sustained and free from external effects, and a third
zone near the sample end that is strongly affected by convective
currents. The smolder reaction propagation velocity and tempera-
ture have a direct correspondence and are different in each one
of these three zones. The variation with the opposed forced air
flow of the smolder propagation velocity and temperature shows
that both parameters reach a maximum at flow velocities of ap-
proximately 2.5 mm/sec. The analysis of the results confirm that
the smolder process is controlled by the competition between the
supply of oxidizer to the reaction zone and the loss of heat from
the reaction zone. At low flow velocities oxygen depletion is the
dominant factor controlling the smolder process, and the smolder
velocity and temperatures are small. Increasing the flow velocity
strengthens the smolder reaction resulting in larger smolder
velocities and temperatures. At even larger flow velocities
convective cooling becomes dominant causing the extinction of
the smolder reaction. These competing mechanisms play a very
important role in the end region of the sample where buoyancy
generated currents result in the strong enhancement of the reac-
tion or in its extinction, depending on whether oxygen supply or
convective cooling is the controlling smolder mechanism. Compari-
son between downward and upward smoldering corroborates the above
observations.



INTRODUCTION

Smoldering is defined as a non-flaming, surface combustion
reaction propagating through a porous fuel [1]. Although present
in a variety of combustion processes, it is of particular inter-
est in the fire safety field because of its role as a potential
fire initiation source. Smoldering combustion is a weakly react-
ing phenomenon which once established is difficult to detect and
extinguish because it propagates through the interior of the
fuel. Circumstances that would suppress flaming often favor
smolder and it is even possible for a smoldering combustion
process to propagate and persist in the absence of any convection
(forced or free), therefore it represents a serious fire hazard.
Smolder involves complex processes related to fluid mechanics and
heat transfer in a porous media, together with surface chemical
reactions. Physical factors like fuel surface per unit volume,
permeability to gas flow, rate of heat loss from the reaction
zone, and the nature of the ignition source are important in
determining the smolder characteristics. Chemically the porous
combustible material can sustain complex surface reactions and
produce heat and combustion products. The interaction between the
physical and chemical processes determines the final characteris-
tics of the smolder reaction.

Most of the work that has been done to date on smoldering
combustion has concentrated in analyzing the effect of oxidant
composition, velocity and pressure on the smolder reaction [2-9].
The present work is part of an ongoing study that has as objec-
tive understanding the effect of buoyancy on the smolder process.
It extends the works of Refs.[10,11] which used powder cellulose
as combustible porous material, and studied the effect of buoyan-
cy on the smolder process by changing the environmental condi-
tions. Here Polyurethane foam is used as fuel, and the effect of
buoyancy is determined by comparing the smolder parameters in
downward and upward propagation. The interest of using this
material is two fold; it is a commonly used material, and its
structure permits upward burning experiments without collapsing
problems as it occurs with cellulose and other loose materials.

The experiments are conducted in the opposed flow configura-
tion, for both downward and upward smolder propagation . In this
type of smolder the reaction zone and the forced oxidizer flow
move in opposite directions. This type of smoldering is also
referred to as co-current smoldering because if the reaction
front is considered as stationary both the fuel and oxidizer
reach the reaction zone in the same direction. In the downward
smoldering experiments the foam is ignited at the top and smol-
der propagates downwards, and in upward smoldering the foam is
ignited at the bottom and the smolder propagates upward. In
downward smoldering the gravitational acceleration is in the same
direction as that of smolder propagation, and for upward smolder-
ing in opposite directions. Therefore, when the upward and



downward experiments are compared, the difference between the two
can be attributed to gravity.

EXPERIMENT

A schematic diagram of the experimental installation is
shown in Fig. 1. The porous fuel is contained in a 300mm long
vertical duct with a 150mm side square cross section. The duct
walls are made of insulating 10mm thick Fiberfax sheet mounted on
an aluminum frame. . The oxidizer gas flows to the test section
through a diffuser fitted at one end of the duct, after being
metered with a Tyland mass controller. The fuel ignition is
accomplished with an electrically heated igniter placed in close
contact with the foam. The igniter consists of a Nichrome wire
placed in between two, 5 mm thick, porous ceramic honeycomb
plates that provide rigidity to the igniter and heating uniformi-
ty. To insulate the ignition zone and simulate and ongoing smol-
der process, a layer of char from an already smoldered foam is
placed at the other side of the igniter.

The foam ignition is accomplished by applying an electrical
energy of 10 J/mm2 for approximately 15 min. Most of this energy
is used, however, to heat up theé igniter ceramic plates to an
approximate temperature of 400 C. During this heating period the
air flow is turned off to avoid the flaming of the char or even
the virgin material. The heating period is selected to ensure the
self supported propagation of the smolder reaction. Once the
ignition heating period is completed the igniter current is
turned off and the flow of air is turned on initiating the self
sustained smolder process.

The rate of smolder propagation is obtained from the temper-
ature histories of eight Chromel-Alumel thermocouples 0.8 mm in
diameter that are embedded at predetermined positions in the
porous fuel with their junction placed in the fuel centerline.
The smolder velocity is calculated from the time lapse of the
reaction zone arrival to two consecutive thermocouples, and the
known distance between the thermocouples. The arrival of the
reaction zone is characterized by a maximum in the temperature
profile, although under most experimental conditions this maximum
is not sharply defined. For this reason the location of the
smolder zone is defined by the intersection of the tangent to the
temperature curve at the inflexion point and a horizontal line
at a temperature near to the maximum (350 C in this work).

All the experiments are conducted with 150mm side cubes of
an open cell, unretarded, white polyurethane foam, with a 26.5
Kg/m3 den51ty and 0.975 void fraction. The foam sample width was
selected to ensure a one dimensional smolder propagation in a
" region of at least 50 mm in diameter from the sample center line,
and the length to permit the observation of self propagating
smolder without the influence of end effects. House compressed



air is used as oxidizer. For the downward experiments the igniter
and char are placed on top of the foam sample and the air flow is
introduced at the bottom. For the upward experiments the appara-
tus is simply rotated 180 degrees. The smolder process is charac-
terized from the propagation velocity and reaction zone tempera-
tures.

RESULTS AND DISCUSSION

DOWNWARD SMOLDERING

The variation of the downward smolder propagation velocity
through the sample length is presented in Fig. 2. for several
opposed air flow velocities. The data for a given flow velocity
permits the identification of three regions within the foam
sample with different smolder characteristics. 2An initial zone
(I) approximately 70mm in length from the igniter where the
smolder process is strongly affected by the heat from the ignit-
er, and the smolder velocities are high. A second zone (II)
approximately 50mm long in the middle of the sample where the
smolder process is self sustained and free from end effects, and
where the smolder velocity is fairly uniform. A third zone (III)
at the end of the sample where the smolder is affected by buoy-
antly induced flows that cause an increase of the smolder veloc-
ity or a decrease depending on the initial strength of the reac-
tion. The characteristics of the smolder reaction at each zone
depend on the air flow rate. For comparison purposes, also in-
cluded in Fig. 2 is the data from a smolder experiment in natural
convection [13]. It is seen that the smolder propagation veloci-
ties are practically identical to those of case C, which implies
that free convective currents generated through the sample during
the downward smolder propagation are of the order of 0.9mm/sec.

The smoldering in the zone II is the most representative of
a forced flow opposed smoldering, at least from the point of view
of modeling, since is free from external effects. The smoldering
in the other zones, however, are also interesting because they
provide additional information about the process, and describe
situations that may occur in practice. The smolder in zone I is
representative of a situation where smoldering is supported by an
external heat source (an electrical appliance for example). The
smolder in zone III is of particular interest from the point of
view of buoyant effects on smoldering. In this zone the sample
thickness, and consequently its drag resistance, are small enough
to permit the generation of buoyant flows through the virgin foam
and remaining char. These flows may play an important role in the
smolder process in this zone because their velocities may be con-
siderably larger than those of the forced flow.

The variation of the maximum smolder reaction zone tempera-
ture along the foam sample is presented in Fig. 3 for the air
flow velocities tested. Although less well defined, the data also



indicates the presence of the three zones described above. The
temperatures in zone I are generally higher due to the igniter
influence, and in region III lower due to convective heat losses
to the external environment. Comparison between the results of
Figs. 2 and 3 shows that there is a one to one correspondence
between the smolder reaction temperature and the smolder veloci-
ty, with the smolder velocity being higher when the smolder
temperature is higher. It is also observed that small variations
in smolder reaction temperature results in large variations on
the smolder propagation velocity.

The effect of the forced air flow velocity on the smolder
propagation velocity is presented in Fig. 4, for the three zones
indicated above. The smolder velocities are obtained from the
results of Fig. 2 and are averaged values of the smolder veloci-
ties at each zone. It is seen that the smolder velocity presents
a maximum for an air flow rate of approximately 2.5mm/sec, al-
though the exact value of the flow rate varies with the zone
under consideration. The value of the maximum velocity is also
different for the three zones, and is highest in the zone III.
The variation of the maximum smolder reaction temperature with
the air flow rate is presented in Fig. 5, for the three zones. It
is seen that the smolder temperature also presents a maximum at
approximately 2.5mm/sec, again corroborating the correspondence
between the temperature of the smolder reaction and its propaga-
tion velocity. :

The above results point out to a smolder process that is
controlled by the competition between the supply of oxidizer to
the reaction zone and the loss of heat from the reaction zone.
The presence of two smolder controlling mechanisms, chemical
kinetics and heat losses, has been suggested before by Ohlemiller
et.al. [1,9,12] in a study of the effect of oxygen concentration
and pressure on the smolder of polyurethane foam. To understand
how these two controlling mechanisms affect the characteristics
of the smolder process is convenient to analyze the smolder data
in zone II first. The temperature data of Fig. 3 shows that for
low air flow velocity (B) the reaction zone temperature is low,
which indicates the presence of a weak smolder reaction due to
the low supply of oxidizer. This results in a very small smolder
propagation velocity (Fig. 2, line B). As the air flow velocity
is increased (C,D,E,F), the smolder reaction temperature and
velocity first increase, reach a maximum, and then start to
decrease. The increase in the smolder temperature and velocity is
due to the increased supply of oxidizer to the reaction zone and
the resulting enhancement of the chemical reaction. The larger
amount of heat generated by the smolder reaction compensates for
the larger convective heat losses caused by the larger air flow
rate. As the air velocity is increased, eventually the heat
generation and heat losses balance each other and the smolder
reaction reaches a maximum in temperature and velocity (E). If
the air flow rate is increased further the heat losses overcome
the heat generation and the smolder temperature and velocity
start to decrease (F). For larger air flow rates the heat losses
dominate and cause the weakening and final extinction of the
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smolder reaction (G,H).

The above discussed controlling mechanisms also apply to the
other two zones, although the external effects modify somewhat
the balance between then. In zone I the fuel is preheated by the
igniter and when air is made available, the smolder reaction
becomes very vigorous with high temperatures and propagation
velocities. However, as the smolder reaction moves away from the
zone of igniter influence, the cooling effect of the increased
air flow becomes dominant and the reaction temperature and veloc-
ity decrease rapidly until the reaction stabilize itself or is
extinguished. In zone III, the onset of buoyant currents affects
the characteristics of the ongoing smolder reaction by either
enhancing the reaction (cases C and D) or by weakening it (cases
B,E and F). The mechanisms by which these buoyantly generated
currents affect the smolder reaction is not totally understood
although it appears that if the reaction is strong the added
supply of air is dominant over the convective cooling. However,
if the reaction is already weak, the heat losses are dominant
weakening the reaction even further.

UPWARD SMOLDERING

The variation of the upward smoldering propagation velocity
through the foam sample length is presented in Fig. 6 for the
same opposed air flow velocities used in the downward smolder
tests. Here also three zones can be identified with different
smolder characteristics. The location of the zones and the varia-
tion of the smolder velocity in each zone are very similar to
those observed in downward smolder. Also included in Fig. 6 is
smolder velocity data for upward free convection smoldering, and
it is seen that the smolder velocities are similar to those of
case C, corroborating the previously stated observation that
buoyancy generates air flows through the this type and size of

foam of the order of 0.9 mm/sec.

The variation of the smolder velocity with the forced air
flow rate in each of the three zones are presented in Fig. 4
together with the downward data to facilitate comparison of the
results. It is seen that the effect of the forced air flow on the
upward smolder velocity is similar to that of the downward smol-
dering with the smolder velocity first increasing, and then
decreasing as the air velocity is increased. The air velocity
that produces the maximum smolder velocity is also approximately
the same as that measured for downward smoldering except in zone
III where it occurs at slightly higher velocities. The almost
jidentity between the downward and upward smolder velocities in
zones I and II indicates that in these experiments buoyancy does
not affect the smolder process in zones deep in the foam
interior . It does, however, have a noticeable influence in zone
III, which corroborates that the end effects observed in the
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donward dataata are the result of buoyantly generated air flows.

The variation of the maximum smolder reaction temperature
along the foam sample is presented in Fig. 7 for the same air
flow velocities used in the downward tests. The temperature
distributions are also similar to those observed for downward
smoldering, although the upward smolder temperatures are general-
ly higher than those for downward smolder, particularly in zones
I and III. This is clearly seen from the data of Fig. 5 where the
variation of the smolder temperature at the three sample zones
with the air flow velocity is presented together with the data
for downward smoldering.

The above results indicate that for opposed upward smolder-
ing the competition between the supply of oxidizer to the reac-
tion zone and the heat losses from the reaction zone also deter-
mine the characteristics of the smolder process. They also show
that the smolder processes for downward and upward propagation
are identical when buoyancy is unimportatnt, as it could be
expected. When buoyancy participates in the process, as is the
case in zone III, there are differences between the smolder in
the two configurations that are worth discussing. In upward
smoldering the buoyantly generated gas heats up as it flows
upward past the elevated temperature char and preheats the virgin
fuel ahead of the smolder zone, which tends to produce larger
smolder velocities than in downward smoldering. However, these
upwardly moving gases also contain combustion products that can
reduce the supply of oxidizer to the reaction zone and cause the
weakening of the smolder reaction. Depending on which effect is
dominant, the buoyant flow can enhance or deter the progress of
the smolder reaction, as it can be observed comparing the results
of Figs. 4 and 5.

CONCLUDING REMARKS

By studying the effect of a forced flow of oxidizer on a
smoldering reaction propagating downward and upward through a
high void fraction porous fuel, the present work has helped to
identify the controlling mechanisms of opposed smoldering combus-
tion, and to determine the potential importance of buoyancy on
the process. Particularly interesting is the verification that in
this type of smoldering, the competition between oxygen supply
and heat losses determines, in conjunction with the initial state
of the reaction, the fate of the smolder reaction. Both at very
low and (relatively) large air velocities the smolder reaction is
weak due to respectivelly lack of oxidizer or excessive heat
losses. :

The range of air velocities that produce a stronger smolder-



ing reaction are surprisingly small ( of the order of 2mm/sec) in
comparison to those in other combustion processes. For this
reason buoyancy can have a very important role in the smolder
process since buoyantly generated air currents can be larger than
those that has been observed to produce the extinction of the
smolder reaction. In fact this is one of the reasons why unas-
sisted smolder is difficult to be sustained if the sample is
small. For large size samples, the buoyant flows do not pene-
trate the fuel interior as readily because of the large drag
losses, and the porous fuel itself insulates the reaction from
external convective cooling, which helps the establishment of the
smolder reaction, particularly if enough oxidizer is available at
the reaction zone.
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ABSTRACT

An experimental study is carried out of the effect on the propagation velocity of a
smolder reaction of oxidizer forced to flow in the same direction of smolder propagation.
The experiments are carried with a high void fraction polyurethane foam as fuel and air as
oxidizer, in a geometry that approximately produces a one-dimensional smolder propagation.
Measurements are performed of the smolder propagation velocity and smolder reaction
temperature as a function of the flow velocity, location in the sample and direction of
propagation (downward and upward). For both upward and downward smoldering three
zones with distinct smolder characteristics are identified along the foam sample. For forward
burning the air is forced through the igniter, therefore an initial zone near the igniter where
the smolder process is influenced by heat from the igniter, and intermediate zone where
smolder is self-sustained and free from external effects, and a third zone near the sample
end that is strongly affected by convective currents. The smolder reaction propagation
velocity and temperature have a direct correspondence and are different in each one of
these three zones. The variation with the forced air flow of the smolder propagation and
temperature shows that both parameters increase with the flow rate reaching, in the case
of upward smolder, transition to flaming at flow velocities of approximately 15 mm/sec. At
very small flow rates (smaller than 2.5 mm/sec) extinction is experienced under different
conditions. The analysis of the results confirm that the smolder process is controlled by the
competition between the supply of oxidizer to the reaction zone and the loss of heat from
the reaction zone. Forward smoldering shows a clear effect of gravity for flows smaller than
approximately 3.0 mm/sec, at low flow rates oxygen depletion is the dominant factor
controlling the smolder process, air is forced through the igniter therefor convective heat
losses to the air flow are less significant letting us observe the effect of gravity in the
transport of oxidizer. For opposed flow previously reported experiments showed that
increasing the flow velocity strengthens the smolder reaction resulting in larger velocities
and temperatures, but for flows over 2.5 mm/sec convective cooling to the air becomes
dominant leading to extinction. For this configuration the air flow carries the reaction heat
to the virgin fuel resulting in temperatures and velocities increasing monotonically with the
flow rate, giving a more clear image of the effect of gravity and the competition between
oxidizer transport and heat losses. The convective currents acting at the end of the sample
show a different view of this competition, which is transition to flaming; smolder would not
transition to flaming in downward burning where convective currents will significantly
oppose the forced flow, instead transition to flaming will occur in upward burning where
convective currents act in the same direction of the forced flow. Comparison between
downward and upward smoldering corroborates the above observations.



INTRODUCTION

Smoldering is defined as a non-flaming, surface combustion reaction propagating
through a porous fuel [1]. Although present in a variety of combustion processes, it is of
particular interest in the fire safety field because of its role as a potential fire initiation
source. Smoldering combustion is a weakly reacting phenomenon which once established is
difficult to detect and extinguish because it propagates through the interior of the fuel.
Circumstances that will suppress flaming often favor smolder and it is even possible for a
smoldering combustion process to propagate and persist in the absence of any convection,
therefore it represents a serious fire hazard. Smolder involves a complex process related
to fluid mechanics and heat transfer in a porous media, together with surface chemical
reactions. Chemically the porous combustible material can sustain complex surface reactions
and produce heat and combustion products. The interaction between the physical and the ™

chemical processes determines the final characteristics of the smolder reaction.

Most of the work that has been done to date on smoldering combustion has
concentrated in analyzing the effect of oxidant composition, velocity and pressure on the
smolder reaction [2-9]. 'i"he present work is part of an ongoing study that has as objective
understanding the effect of buoyancy on the smolder process. It extends the works of
references [10,11] which used powder cellulose as combustible porous material and of
references [13,14] which used the same polyurethane foam; all of these studied the effect

of buoyancy on the smolder process by changing the environmental conditions. Here



Polyurethane foam is used as fuel, and the effect of buoyancy is determine by comparing the
smolder parameters in downward and upward propagation. The interest of using this
material is two fold; it is a commonly used material, and its structure permits upward
burning experiments without collapsing problems as it occurs with cellulose and other loose

materials.

The experiments are conducted in the forward flow configuration, for both downward
and upward smolder propagation. In this type of smolder the reaction zone and the forced
oxidizer flow move in the same direction. This type of smoldering is also referred to as
counter-current smoldering because if the reaction front is considered as stationary the fuel
and oxidizer reach the reaction zone in opposite directions. In the downward smoldering
experiments the foam is ignited at the top and smolder propagates downward, and in
upward smoldering the foam is ignited at the bottom and the smolder propagates upward.
In downward smoldering the gravitational acceleration is in the same direction as that of
smolder propagation, and for upward smoldering in opposite direction. Therefore when the
upward and downward experiments are compared, the difference between the two can be

attributed to gravity.



EXPERIMENT

A schematic diagram of the experimental installation Ais shown in Fig. 1. The porous
fuel is contained in a 300 mm long vertical duct with a 150 mm side square cross geaiom
The duct walls are made of insulating 10 mm thick Fiberfax sheet mounted on an aluminum
frame. The oxidizer gas flows to the test section through a diffuser fitted at one end of the
duct, after being metered with a Tyland mass controller. The fuel ignition is accomplished
with an electrically heated igniter placed in close contact with the foam. The igniter consists
of a Nichrome wire placed in between two, S mm thick, porous ceramic honeycomb plates
that provide rigidity to the igniter and heating uniformity. To insulate the ignition zone and
simulate an ongoing smolder process, a layer of char from an already smoldered foam is

_placed at the other side of the igniter. For the forward smoldering experiments the section
containing the igniter and the char is placed at the diffuser exit upstream from the section

containing the virgin foam.

The foam ignition is accomplished by bringing the temperature of the igniter up to
approximately 500 °C. For these specific experiments the power needed was of
approximately 10J/ mm? during a period of 15 minutes. Most of the energy is used, however,
to heat up the igniter ceramic plates to the temperature mentioned above. Since the air
flows through the igniter before reaching the fuel, the au fiowxs turned off, during the
heating period, to avoid extending the igniter influence to a larger fraction of the virgin

material, and to standardize the ignition process that if performed with the air flow on, will



depend on the flow rate. The heating period is selected to ensure the self supported
propagation of the smolder reaction. Once the ignition heating period is completed, the
igniter current is turned off and the flow of air is turned on, initiating the flow assisted

smolder process.

The rate of smolder propagation is obtained from the temperature histories of eight
Chromel-Alumel thermocouples 0.8 mm in diameter that are embedded at predetermined
positions in the porous fuel with their junction placed in the fuel centerliﬁe. The smolder
velocity is calculated from the time lapse of the reaction zone arrival to two consecutive
thermocouples, and the known distance between the thermocouples. Although the arrival
of the reaction zone is characterized by a maximum in the temperature profile, under most
experimental conditions this maximum is not sharply defined, and the location of the
smolder zone is defined by the intersection of the tangent to the temperature curve at the
inflexion point and a horizontal line at a temperature near to the maximum (350 °C in this

work).

All the experiments are conducted with 150 mm side cubes of an open cell,
unretarded, white polyurethane foam, with a 26.5 Kg/m® density and 0.975 void fraction. The
foam sample width was selected to reduce the effect of the cold walls on the smoldering
reaction thus helping to obtain one dimensional smolder propagation in a region of at least

50 mm in diameter from the sample centerline. The length is enough to permit the

observation of self propagating smolder without the influence of the igniter and end effects.

House compressed air is used as oxidizer. For the downward experiments the igniter and



char are placed on top of the foam sample and the air flow is introduced through the
igniter. For the upward experiments the apparatus is simply rotated 180 degrees. The
characteristics of the smolder process are determined from the propagation velocity and the

reaction zone temperatures.

RESULTS AND DISCUSSION

The analysis of the data is done by dividing the foam sample in three different zones
(Fig.2). An initial zone (I) of length dependant on the flow rate, but that is never more than
50 mm away from the igniter, where the smolder process is affected by the heat from the
igniter. A second zone (II) covering approximately the central 60 mm of the sample, where
the smolder process is self sustained and relatively free from end effects. A third zone (1)
at the end of the sample where the smolder is affected by the ambient air and by the small
size of the virgin fuel left for smoldering. The extent and characteristics of the smolder
reaction at each zone depend on the air flow rate. Since during the period of ignition there
is no forced air flow through the foam this region is not representative of the type of
smoldering studied here, therefore the data from the first 35 mm of the sample is not
presented. Also since the velocities are obtained from the temperature histories of two
thermocouples and assigned to the midpoint between the two, the corresponding figures

(Fig.2 and Fig.7) do not show data points for the first 50 mm.

The smoldering in zone II is the most representative of a forced flow, forward



smoldering, at least from the point of view of modeling, since external effects are limited.
The smoldering in the other zones, however, are also interesting because they provide
additional information about the process, and describe situations that may occur in practice.
The smoldering in zone 1 is representative of a situation where smoldering is supported by
an external heat source. As it will explain later, the smolder in zone III is of particular
interest from the point of view of buoyant effects on smoldering. In this zone the length of
the virgin fuel, and consequently its drag resistance, are small enough to permit the
generation of buoyant flows through the virgin foam and remaining char. These buoyant
flows may play an important role in the smolder process in this zone because their velocities

may be similar or even larger than those of the forced flow.

In smoldering the heat transfer from the smoldering reaction to the adjacent
material, and the oxygen supply to the reaction zone are the two main mechanisms that
control the smolder reaction characteristics [1,9,12,13,14]. In the forward flow configuration
heat is being carried away from the reaction zone towards the virgin foam by the ﬂoﬁr aﬁer :
passing through the char. As a consequehce the heat transferred to the virgin fuel is
enhanced as the flow rate is increased, which favors the propagation of the smolder reaction.
The oxidizer transport effect of the forced flow is two fold; increasing the flow rate increases
the oxygen supply to the reaction zone , on the other hand the products of combustion are
carried into the virgin foam mixing with the 7ctxidi;er inside the pores and diluting the oxygen
concentration. Furthermore, the oxidizer is reaching the reaction zone through th§ char
which while preheating the air may also cause its depletion due to secondary re.actions.

Another process that takes place under certain flow conditions is the onset of secondary



reactions in the char, the fresh oxidizer moving through the char will encounter hot char
generating secondary smolder reactions behind the smoldering front that will propagate in
an opposed manner. This will result in the depletion of the oxidizer reaching the smolder
wave from the char, this effect significantly decreases the smoldering reaction strength. The
final characteristics of the smolder reaction in a given case depend on the relative

importance of each one of these effects.

DOWNWARD SMOLDERING

The variation of the downward smolder propagation velocity and of the maximum
smolder reaction temperature through the sample length are presented in Figs. 2 and 3
respectively, for several opposed air flow velocities. The results of figures 2 and 3 are better
analyzed if the processes involved in each zone are treated separately. Although the
boundaries between the different zones cannot be clearly determined, the following trends
are identified from the measurements. Since the smoldering in zone II is the most
representative of a forced flow we will begin by describing this zone. With no flow (A) the
smolder velocities for this zone remains almost constant decaying in the last 30 mm of the
sample. When the air flow is increased to 0.3 mm/sec (B) extinction is observed very early
in the sample, a further increase in the flow velocity (C) shows again a slowly propagating
reaction that reaches extinction in the last 30 mm of the sample. And for higher flow

velocities the smolder velocity increase monotonically with the flow velocity. Smolder



velocities are not constant for flow velocities greater than l.;l mm/sec (D) instead it is
observed that the smolder velocities increase towards the end of the sample. The smolder
reaction temperatures follow a different trend. For no flow temperature remains almost
~ constant and below 350°C along all zone I, which is indiétive of a very weak smolder
reaction (13,14). Fdr ase (B) it can be observéd that the temperature drops down along the
fuel sample until the reaction finally extinguishes. As the flow velocity is increased above
values of 0.9 mm/sec (C) the maximum reaction temperatures keep increasing as the air
flow velocity is increased. The temperatures for a given flow rate shows that the reaction

temperatures decay through zone IL

These results are explained by the interaction of the above indicated heat and mass
transfer mechanisms. For the case with no forced flow the smoldering reaction propagates
into the virgin foam which contains- oxidizer in its pores. This is mainly a self sustained
process where the biggest contribution of oxidizer to the reaction comes from the air in the
foam pores. When air velocities of the same order of magnitude as the smoldering velocities
are forced through the sample (B), the air flow pushes the products of the reaction along
with the smoldering front, whigi'l causes a significant dilution of the oxidizer and results in
the observed extinction. As the air velocity is increased above the smoldering velocity, the
forced flow carries the products away from the reaction and brings to the reaction zone
more oxidizer, which results in an increase in the smolder velocity as the flow is increased.

The smolder velocity data for a specific flow velocity show that the smolder

propagates faster as the smoldering reaction progresses through the sample. The rate of



propagation increases as the air flow is increased. This is the result of the forced flow
carrying the hot products from the smoldering reaction into the virgin fuel, which preheat
the foam and consequently increase the smolder velocity. The further away from ignition the
longer the preheating period and therefore the higher the temperature of the fuel

encountered by the smoldering front.

The temperature data of Fig3 shows that for most flow rates the smolder reaction
temperatures decrease as the reaction moves through the sample. The decrease in
temperature is brought by the continuous, although weak, reaction of the char together with
the onset of stronger secondary reactions mentioned above. This reactions consume part of
the oxygen from the air flowing through the ?har and as a consequence the air rcéching the
primary smolder reaction zone has a smaller oxygen concentration which results in weaker,
lower temperature, smaller reactions. Secondary reactions are very weak at low flow
velocities and may extinguish due to convective heat losses. The strength of these secondary
reactions is enhanced as the forced flow is increased due to the increased availability of
oxidizer. It is interesting to note that although the temperature decreases the smolder
velocity increases, which indicates that for most flow rates the preheating effect is dominant
over the decrease in oxidizer. However, as the air flow is increased and the strength and
duration of this secondary reactions increase, they consume more oxidizer until the
preheating effect is canceled and the smolder velocity starts to decrease as occurs in case
(I). The maximum reaction temperatures of these secondary reactions are much higher than

the typical smoldering temperatures, usually above 500°C.



The same mechanisms described for zone II basically apply for zone L In zone I the _
heat from the igniter represents an extra source of heat and introduces a transient period
where the process transitions from the no flow ignition heating regime to the forced flow
described above. This transition period becomes less important as the air flow is increased
but the increase in oxidizer supply results in secondary reactions that will be present in the
char near the reaction zone and near the igniter, resulting in the dilution of the oxidizer
reaching the smolder reaction. For small flow rates the products accumulated during the
ignition period are pushed into the smolder reaction zone resulting in a decrease in both
temperatures and smoldering velocities, this effect decreases with the increase in air flow,
but as it becomes less significant the secondary reactions appear depleting the oxygen
concentration reaching the reaction zone. Only for the largest air flow (I) it is observed that
the heat carried from the hot secondary reaction has an effect on the smoldering reaction

in zone L, increasing both reaction temperature and velocity.

In zone III the amount of virgin foam is small enough that buoyant recirculation can
be generated. These recirculation flows bring additional air to the reaction zone which
results in the trends observed in Figs. 2 and 3 for zone II to be magnified. From Fig.2 it can
be seen that for all flow rates the smolder velocities increase strongly as the smolder front
reaches ther end of the sample. The data of Fig.3 shows also an apparent increase in the
maximum reaction temperature in the last centimeter of the sample indicating the presence
of added oxidizer from the ambient air. For smolder velocities higher that 0.5 [mm/sec] and
in the last 50 mm of fuel the combined flow rate of the forced flow and buoyantly induced

recirculating flows (due to the decrease in drag) is big enough so as to make the products



concentration in the total flow very small leading to an enhancement in the reaction, at this
point we start observing weak secondary reactions moving upward in an opposed flow
configuration. A continuous secondary reaction can be observed in the char for flow rates
between 2.8 and 7.8 {mm/sec].This secondary reaction is weak and can not propagate
opposed to the forced flow due to heat losses to the incoming flow. The secondary reaction
will use up some of the oxygen that used to reach the smoldering reaction, resulting in a
_further decrease in the reaction temperature. The process at this stage becomes extremely
complicated, we have virgin foam heavily preheated, more and more significant buoyant
flows coming from the bottom and opposing the forced flow that result on an overall
increase in the smolder velocity, for flows smaller than 10 [mm/sec] (Fig.2 and 4) and an
overall decrease in the reaction temperatures ( Fig. 3 and 6). As we increase the flow rate
the secondary reactions increase in strength and start to propagate upwards, becoming, for
flows greater that 14 [mm/sec], the dominant reaction using large fractions of the incoming

oxidizer. Smoldering velocities dccrcase and stabilize around 0.9 [mm/sec] and rcacnon

-

temperatures are kept high by the heat generatcd from the secondary reaction whxch is

basically a much stronger process.

The effect of the forced air flow velocity on the smolder propagation velocity is
presented in Fig.4, for the three zones indicated above. An expansion of the data at low air
velocities is presented in Fig.5. The smolder velocities are obtained from the results in Fig2
and are averaged values of the smolder velocities at each zone. From FigS5 it is seen that
in zones I and II the smolder velocity has a minimum at a flow velocity of approximately

4 [mm/sec], and increases monotonically with the flow velocity for larger flow rates. Zone



III shows a minimum at 4 [mm/sec] and a maximum at approximately 7 [mm/sec] (Fig.4).
For downward smoldering, buoyant flows generated by the density stratification move
upward while the forced flow moves downward, therefore they will distort the flow when the
 forced velocity is smaller or equal to the buoyant one which results in smaller smolder rates
due to the accumulation of the products in the reaction zone. For greater air velocities, the
forced flow becomes the dominant transport mechanism and the smolder velocity increases
with the flow rate due to the increase in oxygen supply to the reaction. This is confirmed
by the results from previous experiments in the opposed configuration [14] where it was
determined that buoyant flows were of the order of 1 [mm/s], which corresponds
approximately to the values observed in Fig. 5. The reaction in zone I is particularly weak
at low flow velocities because the reaction products generated during the ignition period
remain stagnant around the reaction zone diluting the oxidizer in the fuel pores. In some
cases the competition between the oxidizer supply to the reaction zone and the convective
heat losses from the reaction zone yields in favor of the heat loses and results in the
extinction of the reaction (case B). The fact that this extinction is buoyantly originated is

further verified by the results from zone III and for upward propagation described below.

UPWARD SMOLDERING

The variation of the upward smoldering propagation velocity along the foam sample
length is presented in Fig.7 for the same forward air flow velocities used in the downward

smoldering tests. Here also the three zones indicated above are used to describe the data.



Zone 1I has almost constant velocities for small flow rates and the velocities in zone III
increase as the smoldering front reaches the end of the sample. In Fig.8 it can be observed
that for small flow velocities temperatures are constant through zoaes I and II and that as
the flow velocities is increased temperatures are highest in zone I and decay through zones

II and III for flow rates larger than approximately 6 [mm/sec).

The basic mechanisms that explained the results for downward burning also apply for
upward burning, and the differences can be attributed to gravity. In upward burning both
the buoyant and forced flow move in the same direction in the central core of the fuei, and
therefore the combustion products are always driven ahead of the reaction. As a result the
smolder velocities for all flow velocities iﬁcrease monotonically with the flow rate and
extinction is not observed even at the lowest flow velocities. Another important aspect that
results from buoyancy acting in the same direction as that of the forced flow is the decrease
in mixing between products and oxidizer. In downward burning since buoyant flows and
forced flows move in opposite directions, recirculation current are enhanced and therefore
mixing between products and oxidizer is also enhanced, for upward burning both flows act
in the same direction therefore the products travel through the fuel, and mixing is less

significant.

For upward smolder we also observe secondary reations of similar characteristics
to the one observed for downward smolder. These reactions produce the same effect on the
smolder wave as before. In this case, however, these secondary reactions bring up a very

important aspect to the smolder process, transition to flaming. In upward smolder the



products leave the smolder reaction zone through the virgin fuel, therefore the char that will
act as fuel for the secondary reaction receives fresh and unobstructed oxidizer flow. Since
the limiting parameter for a smolder reaction to transition to flaming is the oxidizer
concentration, if the reaction is strong enough upward burning will have a greater tendency
to flaming. The experiments confirmed this hypothesis, and the secondary reaction transition

to flaming for 14 [mm/sec] flow rate.

The variation of the upward smolder velocity with the forced air flow rate is
~ presented in Fig4 and 5. From these figures it can be observed that the significance of
buoyancy in zone I extends to flows approximately 14 [mm/sec]. Buoyancy increases the
transport of hot gases from the reaction rcgibn to the virgin foam nearby. This is particularly
significant in zone I where a slight increase in oxygen supply will result, due to the
preheating effect, in a significant increase in the propagation velocity, as observed for flow
rates over approximately 6 [mm/sec]. During the ignition period in upward burning the
products will move towards the virgin fuel, instead in downward burning they will move
towards the char, therefore the concentration of smolder and temperature of the virgin
foam, at the time when the forced flow is initiated, are higher in the upward burning
configuration. These results can be observed in Fig. 4, 5 and 6 where we see that for upward
burning, velocities increase monotonically with flow rate and the initial region of extinction
present in downward smolder does not appear. In zone II the reaction is free from the
igniter effect and the effect of buoyancy is reduced to flows below 2.8 [mm/sec]. The
smolder velocities for zone II have values smaller to the ones of zone I (up) and higher to

those of zone I (down) showing how the influence of the igniter magnifies the buoyant



effect.

In zone III the influence of buoyancy is very significant, forced flow and buoyantly
generated flows appear to be of the same magnitude, for small flow rates after the period
where extinction is observed in downward smolder, propagation is much faster in the
downward configuration even though reaction temperatures are always mucﬁ lo@er. In
downward burning buoyancy opposes the forced flow generating recirculating currents that
seem to enhance both mixing of products and oxidizer as well as localizing the heat transfer
from the reaction zone to the virgin fuel, instead in upward burning mixing is less intense
and the heat is carried to a much larger region of the fuel. More mixing results in a more
diluted oxidizer and therefore in lower temperatures for downward smoldering and more
localized heat transport in a smaller smolder velocity for upward burning. As we increase
the flow rate this complicated scenario brings a transition range of flows between 4 and 8

[mm/sec] where is not clear which effect is dominant and resulting in a clear higher
temperature for upward smolder and smolder velocities which tend to match for flow rates

over S [mm/sec].

CONCLUDING REMARKS

By studying the effect of a forced flow of oxidizer on smoldering reaction propagating
downward and upward through a high void fraction porous fuel, the present work has helped
to identify the controlling mechanisms of forward smoldering combustion, and to determine

the potential importance of buoyancy on the process. Particularly interesting is the



verification that in this type of smoldering, the competition between oxygen supply and heat
transport determines, in conjunction with the initial state of the reaction, the fate of the
smolder reaction. Heat transport mechanisms are always favorable in this type of
smoldering, but even under this favorable conditions lack of oxidizer can lead to weak

reactions and even to extinction.

The favorable heat transfer conditions enable us to observe the process of transition
to flaming, which occur for flows over 14 {mm/sec]. Buoyancy plays an important role in this
process, the main limiting factor in transition to flaming is the lack of oxidizer, the large
drag loses induced by the foam do not enable enough oxidizer to reach the reaction zone
so only when the smolder reaction propaga;cs in the char that is more porous flaming can
occur. Even then the oxidizer content has to be high and the enhanced mixing between
oxidizer and products in downward smolder inhibits flaming. This work is very important

because it shows the requirements that any future transition to flaming experiment in this

kind of material has to have.
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Abstract

A study is being conducted on the effects of
buoyancy in smoldering combustion, and the
expected behavior of smolder under low gravity
conditions. Initial experiments, on one-
dimensional smoldering of polyurethane foam have
been conducted, both in ground-based and drop
tower facilities, to provide information for the
design of space-based experiments. Results from
these experiments are presented and discussed in
light of our understanding of the various competing
physical processes controlling smoldering
combustion. These results show that for low
forcing flow rates, smolder behaves differently in
the absence of gravity than at normal gravity.

L Introduction

Smolder is defined as a non-flaming,
exothermic surface combustion reaction!.
Smoldering commonly occurs in porous and
permeable combustible materials, and is
distinguished from other combustion reactions by
its low temperatures, lack of flame and slow
propagation velocities. After smolder has been
initiated, it propagates through the fuel by
transferring heat, released during heterogeneous
oxidation of the fuel, toward the virgin material.
Heat is transferred by conduction, convection and
radiation. Heat losses may be due to heating up the
virgin fuel as well as conduction and convection to
the ambient environment. Additionally, oxidizer,
transported to the reaction zone by diffusion and
convection, must be present in sufficient quantity
to allow the reaction to proceed.

Smolder has been the subject of much interest
and study because it is acknowledged as a
significant fire safety hazard!- It can play a role in
the initiation of unwanted fires, which may be
triggered by a sudden transition from smolder 1o
flaming. Smolder may progress for long periods of
time undetected (because of its low intensity) until
a sudden transition to flaming occurs.}4:8

The terminology of smoldering for one-
dimensional configurations is shown in Figure 1.
Cocurrent smolder applies to the situation where,
when viewed in a frame of reference attached to the
smolder wave, both the fuel and the oxidizer enter
the reaction zone from the same direction.
Countercurrent smolder is therefore the situation
where fuel and oxidizer enter the reaction zone from
opposite directions. The interaction of the physical
processes which control smoldering is quite
complex, and models developed so far have been
limited. An excellent review of smolder
combustion modeling is that of Ohlemiller!. A
limited number of experimental and theoretical

studics on the effect of buoyancy on steady smolder
have been published3. With the exception of the
works of Ohlemiller and Sato!!:12, relatively little
work has been done int he areas of ignition data and
analysis and transition to flaming modeling.

Since smolder is possible at air/fuel ratios only
a few percent of stoichiometric!0, heat release and
smolder velocities may be, relatively, quite low.
Convective flow of gases, either free or forced, may
therefore have a significant effect on smolder. In an
effort motivated primarily by the need to understand
the possible behavior of smoldering combustion in
a space-based environment where natural convection
will not be present, we have been studying the role
of buoyancy in smolder initiation and propagation
through porous combustible materials.

We have conducted a short program of
microgravity experiments on smoldering
combustion, using a drop tower, to obtain
preliminary information on smolder behavior in
this environment. These results are primarily
qualitative, as the slow process of smolder allows
only limited data to be obtained in the 2.2 seconds
available in the drop tower. In this paper we will
report on experimental results from both normal
and low gravity studies. All configurations involve
one-dimensional cocurrent smolder, either upward
burning or downward burning. Results show that
buoyancy does influence smolder propagation, as
would be expected from a process so sensitive o
convective mass and energy transfer, and we can
begin to identify regions of parameter space where
the role of buoyancy is most significant. Results
also provide qualitative information for the role

buoyancy plays in smoldering.
ignition source
reaction rone
v
fgu wiocty i f\vﬂbn 0UICe
g8 velocly
Cocurrent Countercurrent
Figure 1
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2. Experiment

All tests, at both normal and micro-gravity,
were conducted on cubic samples of polyurethane
foam, four inches on a side. Figure 2 shows a
schematic of the general test apparatus. The sides
of the test apparatus holding the foam were well
insulated. For free flow conditions, top and bottom
were left open. For forced flow conditions, one end
was fitted to an air duct. Compressed standard air
was used, and flow was controlled by either a
Matheson 603/604 rotameter (ground tests) or a
precision metering valve (drop tower tests).

Polyurethane foam was chosen as our fuel
because it maintains its shape as it smolders (a
critical issue for conducting both upward and
downward burning tests at normal gravity) and it is
a realistic test fuel for spacecraft fire hazards.
Smoldering combustion of ?ol;'urethane foam has
been studied extensively®>-6:7.8, Smolder was
initiated from the top (downward burmng) or from

the bottom (upward burning). Repeatable smolder

initiation in polyurethane samples of this size and
geometry proved to be a delicate task. After much
trial and error, the procedure evolved to the
following: A nichrome wire coil, through which a
10V current was pased. was placed agamst 3 layers
of cotton linen (1 1/2 " square) centered in the open
end of the sample. The wire, which heated to 450°
C, was left on for 40 seconds to ensure that the top
cloth layer had begun to smolder. Smolder
proceeded through the three layers of cloth and into
the foam sample below.

Temperature data were taken with K-type
thermocouples placed at fixed distances along the
centerline of the samples. The temperature
histories of the thermocouples was used to
determine both peak temperature and smolder
velocity as a function of air flow rate. Smolder
velocity was determined by taking the ratio of the
distance between two thermocouples and the delay
time of arrival of the smolder front between these
thermocouples. Both sources of information were
used to analyze the characteristics of the smolder
propagation through the samples, and their
variation with the environment.

3. Results

3.1 Downward Cocurrent Smolder at Normal
Gravity

These tests were conducted on samples, as
described above, in a chemical fume hood. In these
tests, samples were ignited at the top and smoldered
downward. When a forcing flow was applied, it
was ducted upward through the samples from the
bottom (see Figure 2). Peak temperatures measured
by the topmost and bottommost thermocouples are
plotted vs. a range of forced flowrates in Figure 3.
Smolder velocities obtained with data from the
topmost thermocouple pair and the bottommost
thermocouple pair are plotted vs. forced flowrates in
Figure 4. The topmost thermocouple is expected
to be highly influenced by the ignition region,
while the bottommost thermocouple represents a
region independent of the

Y
/,..,

rmocouples
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o data acquisition

supply

]

metering

vaive

Figure 2
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ignition source. Note that Figure 4 reflects a
nearly constant smolder velocity derived from the
topmost thermocouple pair. This is another
indication of the steadying effect of the ignition
region. .

In comparing Figures 3 and 4, it can be seen
that there is a correspondance between peak
temperature and smolder propagation velocity. In
both figures, the uppermost temperature or velocity
shows a region which, although affected by
flowrate (higher flowrates produce cooler ignition
regions), is clearly most strongly dependent on the
fact that it is near the ignition zone. The
bottommost thermocouple shows a strong drop at
12 scc/sec flowrate, true also for smolder velocity
away from the influence of the ignition zone. This
is at least partially the result of forced flow
cooling. In addition, there is the possibility that
this is where entrainment due to buoyancy is
overcome by the forcing flow.

Downward Burning Cocurrent
Normal Grovity Tests

u
° 10 20 30 40

Flowrste (sccisec)

P"xg{xre 4

3.2 Upward Cocurrent Smoldering at Normal
Gravity

In this case, samples were ignited at the
bottom, smoldering upward, with forced air flowing
downward through the samples for those cases
where forcing flow was applied. For this
configuration, the effect of buoyancy is more
complex. Figure S shows peak temperatures
measured by the topmost and bottommost
thermocouples plotted against a range of flowrates.
As can be seen in this figure, peak temperature
drops drastically when flowrate is increased
slightly, then climbs again in the range 2540
scc/sec, then falls off at higher flow velocities. In
these tests, buoyancy acts in a direction opposite o
that of the forcing flow, moving combustion
products upward into the porous foam. Since this
is the case, we expect 10 see a region in flowrate
space where the two flow effects counteract one
another, and recirculation effects may be generated
within the fuel bed. From Figure 3, we can se¢
that at higher flow rates, forcing flow overcomes
any effect due to buoyant flow, as was true in the
downward burning case (see Figure 3). For the
range of flowrates below that, we can now sc¢ the
effects of buoyancy competing with forcing flow
(rather than combining, as in downward burning).

3.3 Low Gravity Tests

Two series of tests were conducted under
low gravity conditions - an ignition series and a
steady smolder series. As mentioned previously,
because of the short duration of each test, changes
in smolder characteristics when g level was
abruptly changed from one to almost 2¢r0 were
noted. All these tests were conducted in the 22
Second Zero-Gravity Facility at NASA's Lewis
Research Center in Cleveland, Ohio. A schematic
of this facility if shown in Figure 6. In this
facility, 2.2 seconds of acceleration levels of about
10-S g are achieved by allowing an experimental
package to free-fall in the 89 ft. tower. The
package is enclosed within a free-falling drag shield,
designed with a low drag coefficient. Since the
package and the drag shield fall freely and
independently of each other, the package
experiences drag due only to it's small velocity
relative to the shield. At the end of a drop test,
spikes on the bottom of the drag shield penetrate a
7-ft. deep bed of sand at the base of the tower,
bringing the package to rest. Maximum
decelerations are about 30 8-
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Figure 7 shows a schematic of the drop
package, whose overall measurements were 36 by
16 by 30 inches. All data acquisition, power and
timing equipment were mounted on the drop
package itself. Either two or five K-type
thermocouples, ungrounded junction of diameter
.001", were used for these tests. For the ignition
tests, two thermocouples were use, one just under
the foam surface and another 1/4” below that. For
the steady smolder tests, five thermocouples were
used, placed at 1/2" intervals through the foam.
Note that the purpose here was not to measure
smolder velocities. We initiated a drop after steady
smolder was established, and then looked at changes
registered by any of the five thermocouples as
single entities. Temperature data were taken and
stored with a small on-board data acquisition and
control computer. The efm for each thermocouple
was recorded 20 times per second, and at the end of

each drop the data were transferred to a PC for
reduction and analysis. The smolder apparatus was
mounted at the center of a 10 in. diameter, and 2
foot tall combustion chamber. Air flow, from a
regulated pressure cylinder on the rig, was
controlled by a precision metering valve. The
metering valve was calibrated on the ground, and
the calibration was checked at the end of each days
drops. Air entered the combustion chamber
through ports mounted on its floor, and was ducted
into the apparatus and through the foam. -
Volumetric flow rates were very small, and did not
affect the pressure in the combustion chamber over
the lengths of time that these tests were conducted.

Samples were ignited in 1 g and then dropped.
For the tests designed to look at ignition, the drop
occurred after a ninety second wait, which was
determined from ground tests to be enough time for
the foam to just begin to smolder. Tests conducted
to see if information could be gained from looking
at the 1 g to O g transition in steady smolder had a
5-7 minute wait after ignition. This was necessary
to allow the smolder front to move into the body of
the foam sample. The drop in these tests occurred
when the smolder front just reached a particular
thermocouple.

3.3.1 Low Gravity Ignition Tests

14 tests were conducted, using five different
forcing flow rates over the range of 0-20 scc/sec.
For these tests, the samples were ignited in 1 g and
then dropped while still in the ignition phase (i.e.,
self-sustaining smolder was achieved in the cotton
cloth but not in the foam itself). What is derived
from these tests is information on how temperature

LABORATORY AND
DATA ANALYSIS ROOMS

T TYPICAL FLOOR PLAN

NASA LEWIS RESEARCH CENTER 2.2 SECOMD DROP TOWER.

Figure 6
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changes in the immediate vicinity of ignition as we
go from 1 g to 0 g. Figure 8 shows a
representative graph of iemperature vs. time results
for a single one of these drops. Graphical
representation of the overall results in shown in
Figure 9. Figure 9 shows the average change in
slope of the recorded temperature (°C/sec) from
before drop initiation through the duration of the
drop. This figure clearly shows that there isa
significant change at lower flowraies, and that this
change becomes negligible as the flowrate increases
(somewhere afier 8scc/sec). This indicates that
forced flow conditions are dominant at larger
flowrates, in qualitative agreement with the normal
gravity data.

DF58 series SL
Toon/ el

:‘ { ?“-"—‘Fé‘—‘r
- ]
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Figure 8

3.3.2 Low Gravity Steady Smolder Tests

14 tests were conducted over three flowrates.
These tests had the same apparatus as the ignition
series, but with more thermocouples, as was
explained earlier. In these cases, The drop package
sat at the top of the tower for 5-7 minutes between
ignition and dropping, to allow steady smolder to
become established in the samples. The drop was

 initiated when the smolder wave reached one of the

thermocouples. This was accomplished by having
the on-board computer send a signal when the
temperature recorded by the third thermocouple
reached levels expected in the smolder front. These
results are far more difficult to interpret than the
ignition cases because there is not the uniformity
seen in the ignition series. There were three types
of results from these tests. They will be described
here and discussed qualitatively in the next section.
In three cases, oscillations in temperature can be
obsarved at the reaction zone after the package
drops. These are not artifacts of the data acquisition

. There are also four definite, clear cases, for
low flow rates, where the temperature at both the
reaction zone thermocouple and the topmost
thermocouple goes up after the drop. This parallels
the results of the ignition series tests. The rest of
the drops show litue or no changes at any of the
thermocouples. This may well have resulted from
errors in drop signal timing or delays in the drop
scquence causing the drop to occur with the reaction
front not located right at a thermocouple.

In comparing the two configurations of normal
gravity studies, it should be noted that, while both
are cocurrent, in one case ( downward burning) the
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forcing flow acts in the same direction as flow due
to buoyancy, and in the other case ( upward
burning) they act in opposite directions. For the
downward burmning case, at low forcing flow

velocities, there will be a buoyant plume above the

hot smoldering region that will carry away hot
products and entrain fresh cooler air, bringing it
into the smolder region. For larger values of
forcing flow, flow effects due to buoyancy will be
overpowered. It is expected that, for forced
flowrates above a threshold value, buoyancy will
not play a role. For the upward burning case as
well, we expect to see buoyancy playing a role at
lower flowrates, and being overcome by forcing
flow effects after some threshold. Figures 3,4 and
5 all indicate that there appears to be a region where
buoyancy does play a clear role in smoldering
propagation. That region is 5-15 scc/sec for the
geometry and fuel we are studying.

The smolder process itself is very slow, and
occurs (in steady state) in a time frame far longer
than two seconds (approximately 20 minutes for
complete buming in the sample size we had). Our
objective in using the Drop Tower has been to
obtain trends and to examine the changes which
occur in a smoldering sample during the transition
from normal to low gravity. While somewhat
limited data have been obtained, this preliminary
level of information is critical for the design of
future, longer time scale experiments in low
gravity, particularly for the development of smolder
initiation techniques in low gravity. _ .

As was seen from the normal gravity tests in this
program, buoyancy driven convective heat and mass
transfer do play a role in smoldering combustion.
In the ignition phase, buoyancy affects both the
heat transfer from the ignition source and the mass
flux of oxygen to the smolder initiation zone. An
understanding of the differences we can expect in

initial temperature and location of combustion
products for 1 g and 0 g cases is necessary in order
to design an ignition system for space-based
experiments.

- As can be seen from Figure 9, low gravity vs.
one gravity trends cease to show differences for
higher forced flowrates, but do reflect changed for
the lower flowrates. the region where differences
occur encompasses the same range as was observed
in the normal gravity downward burning tests (see
Figure 4). These tests indicate that there is a
definite region where smoldering combustion will
behave differently in the absence of gravity than it
does at one g, and that this difference may affect the
whole process of ignition to smolder. What is

interesting to note is that, over the time scale of

these tests (2.2 sec.) the system responds more {0
the influence of heat loss changes than it does to
any changes in the oxygen flux. This clearly
affected the results of the low gravity steady
smolder series of tests, where at least part of the
problem was that the characteristic time for steady
smolder inside a porous body to be affected by
changes in buoyant currents is much longer than
for smolder initiation. It is also true, however, that
the steadying effects that we saw in the normal
gravity tests from the ignition zone will not
necessarily be present at the location of most of the
thermocouples in these tests,

From our ground tests, where we studied one-
dimensional cocurrent smolder, we have identified a
range of low flowrates where buoyancy affects
smolder propagation, for the fuel and geometry we
are studying. The results of our preliminary low
gravity tests, looking at the same fuel and
geometry in a 2.2 second drop tower, indicate that
there are differences in the behavior of smolder over
the same range of low flowrates, when compared
with normal g tests. In order to tuly verify these
results for steady smolder over the range of
flowrates which should be studied, we need to move
t a facility which allows longer periods of low

gravity.
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ABSTRACT

Smoldering combustion experiments have been conducted in normal gravity, in a
Drop Tower (the NASA Lewis Research Center 2.2 second drop tower) and in an aircraft
following a parabolic trajectory (NASA KC-135), to observe the effects of buoyancy (and
the absence of buoyancy) on opposed smoldering of samples of polyurethane foam. In
opposed smolder the smolder reaction propagates in & direction opposed to that of the
forced oxidizer flow. Initial information on smolder behavior in a microgravity
environment has been obtained and compared with normal gravity tests. The slow process
of smolder (approximately 1 mm/sec) allowed somewhat limited data acquisition in the
drop tower tests (where 2.2 seconds of microgravity are available). In the KC-135 tests
(30 seconds of low gravity for up to 40 parabolas), considerably more data was obtained,
as a single sample was smoldered for an entire flight, with data acquisition occurring
during both high-g and low-g portions of each flight. The experimental results show that
buoyancy affects both species transport and transfer of heat to and from the reaction zone.
Results from parabolic flight tests indicate that at the reaction zone transport of Oz is
dominant, and the consequent reaction temperature decreases in microgravity. Away from
the reaction zone, temperature increases in microgravity due to the lack of convective
cooling. All of these effects are less noticeable as the flow velocity is increased, and as the
reaction propagates more toward the interior of the foam samples.

INTRODUCTION

This paper summarizes a preliminary analysis of the results of a study of
smoldering combustion under low gravity conditions. Smolder is defined as a non-
flaming, exothermic surface combustion reactionl. It commonly occurs in porous and
permeable combustible materials, and is distinguished from other combustion reactions by
its low temperatures, lack of flame and slow propagation velocities. After smolder has
been initiated, it propagates through the fuel by transferring heat, released during
heterogencous oxidation of the fuel, toward the virgin material. Heat is transferred by
conduction, convection and radiation. Additionally, oxidizer, transported to the reaction
zone by diffusion and convection, must be present in sufficient quantity to allow the
reaction to proceed. An excellent review of smolder combustion modeling is that of
Ohlemiller!: A limited number of experimental and theoretical studies on the effect of
buoyancy on steady smolder have been publishcd2v3. Since smolder is possible at air/fuel
ratios only a few percent of stoichiometric3, heat release and smolder velocities may be,
relatively, quite low. Convective flow of gases, either free or forced, may therefore have a
significant effect on smolder. In an effort motivated primarily by the need to understand
the possible behavior of smoldering combustion in a space-based environment where
natural convection will not be present, we have been studying the role of buoyancy in
smolder initiation and propagation through porous combustible materials. The particular
fuel used for all of these studies is _,pol;urexhanc foam, which has been studied previously
for it's smoldering propcrtie,ssvév 8.9,

In the current investigations, smoldering combustion experiments have been
conducted in normal gravity, and at low gravity in a Drop Tower (the NASA Lewis
Research Center 2.2 second drop tower) and in an ai t following a parabolic trajectory
(NASA KC-135), to observe the effects of buoyancy (and the absence of buoyancy) on
opposed smoldering of samples of polyurethane foam. Initial information on smolder
behavior in a microgravity environment has been obtained and compared with normal
gravity tests. The slow process of smolder (approximately 1 mm/sec) allowed only limited
data acquisition in the drop tower tests (where 2.2 seconds of microgravity are available).
In the KC-135 tests (30 seconds of low gravity for up to 40 parabolas), considerably more
data was obtained, as a single sample was smoldered for an entire flight, with data
acquisition occurring during both high-g and low-g portions of each flight. The results of



the KC-135 investigations will be the focus of this paper. The other investigations have
been reported on in detail in a previous paper 4 and will only be summarized here.

XP NTAL DETA

All tests involve downward propagation of reverse or opposed smolder of
polyurethane foam. Figure 1 shows a schematic of opposed downward smolder. In this
configuration, the smolder reaction is ignited at the top of the fuel sample and propagates
downward against an opposing flow of air. All tests, at both normal and low gravity, were
conducted on cubic samples of polyurethane foam, four inches on a side. Figure 2 shows
a schematic of the test apparatus used for all of these experiments. A foam sample was
ignited at the top. The sides of the test apparatus holding the foam were well insulated.
One end of the foam container was fitted to an air duct through which a flow of air forced.
Compressed standard air was used, and flow was controlled iy cither a Matheson 603/604
rotameter (ground tests) or a precision metering valve (drop tower tests and KC-135
tests).Ground tests were conducted in a chemical fume hood, and in both the Drop Tower
and KC-135 a combustion chamber (1.5'X1.5'X3") was used.

Polyurethane foam was chosen as our fuel because it maintains its shape as it
smolders and it is a realistic test fuel for spacecraft fire hazards. Smolder was initiated
from the top in the following manner: A nichrome wire coil, through which a 10V current
was passed, was placed against 3 layers of cotton linen (1 1/2 " square) centered in the
open end of the sample. The wire was left on for approximately 40 seconds to ensure that
the top cloth layer had begun to smolder. Smolder proceeded through the three layers of
cloth and into the foam sample below. It appears that the role of the cotton is to keep the
smolder initiation region sufficiently insulated to prevent heat losses which may cause the
reaction to extinguish. This proved a reliable and repeatable method for smolder initiation
for all phases of this testing.

Temperature data were taken with K-type thermocouples placed at 1/2" intervals
along the centerline of the samples. The temperature histories of the thermocouples was
used to determine both peak temperature and smolder velocity (in the cases where data was
sufficiently steady to derive it) as a function of time and air flow rate. Smolder velocity
was determined by taking the ratio of the distance between two thermocouples and the
delay time of arrival of the smolder front between these thermocouples. Both sources of
information were used to analyze the characteristics of the smolder propagation throu gh the
samples, and their variation with the environment. In particular, for the KC-135
experiments, samples were ignited in normal gravity just prior to the initiation of the first
parabola. In order to obtain low gravity, the KC-135 flies a series of parabolas consisting
of a 2G acceleration upwards followed by a low gravity period of about 30 seconds.
During each flight, a single sample was ignited and smoldered until it extinguished or was
extinguished (~1 hr).

T OM VI WOR

From our ground tests, where studies were conducted on one-dimensional reverse
smolder, a range of low flow rates where identified where buoyancy affects smolder
propagation, for the fuel and geometry we are using. Figure 3 shows smolder velocity vs.
forced flow velocity for downward smolder. The data leads to the identification of a range
of low flow rates where buoyancy may be the mechanism causing differences inthe
results. Preliminary low gravity tests conducted in a drop tower, looking at the same fuel
and geometry, indicated that there were differences in the behavior of smolder near the -
ignition zone over the same range of low flow rates when compared with normal gravity
results. Figure 4 shows results from these tests. Though this preliminary work showed
some apparent trends, it was clear that, because of the very slow propagation rates of
smolder, longer low gravity times were needed to begin to define better the actual behavior
of smolder in a low gravity environment.

)



RESULTS FROM CURRENT WORK

A series of four flights on the KC-135 were completed, each one with fixed
experimental conditions. Two of the experiments with forced flow velocities of 0.14 and
0.22 cm/sec provided good data. A third experiment with forced flow of .05 cm/sec
provided a small amount of additional data. A description of these results follows.

Near th ion Z

Figure 5 shows a sample of a complete days flight (0.14 cm/sec) with a
thermocouple trace and acceleration data overlaid together vs. time. In this particular case,
the smolder reaction is approaching and passing by the thermocouple as this set of
parabolas is flown. Data like this was obtained for all three forced flow rates described
above. As well, data from thermocouples ahead of the reaction (virgin foam) and behind
the reaction zone (the char region) were obtained for 0.14 and 0.22 cm/sec. From these
data sets, it was determined that, at least for the region quite close to the reaction zone,
there are several time intervals which are evident. The first, called transition 1, was the time
lag between the onset of 0G and an abrupt change in the sign of the temperature gradient .
Transition 2 is the time lag between the end of OG and the next change in sign of the
temperature gradient. The trends of these time lags are summarized in Table 1.

Forced Flow Rate Parabola#  Transition 1 (sec) Transition 2 (sec)
thermocouples

12" from 10p .05 cm/sec 1
surface 2 3.2 2.5
3 2.5 2.5
4 25 25
.14 cm/sec 1 5 5
2 35 34
3 34 28
4 1.8 0
5 1.8 1.8
6 7
22 cm/sec 1 8 4
T -2 2.5 2.5
3 1.2 1.2
4 6.5 50
thermocouple
112" from
lop surface .14 cm/sec 2 8.5 53
3 53 4.2
4 4.0 42
5 6.1 51
22 cm/sec 1 9.8 5.0
2 4.2 4.0
3 4.0 25
4 12 10

Table]

Note that when smolder occurs further inside the porous body the time it takes to be
affected by changes in gravity is longer. This is due to the resistance presented to the air
passing through a longer sample prior to reaching the reaction zone. It appears that the
effect of flow rate is that higher forcing flows have longer time lags for either transition.
This makes sense qualitatively, since the effects of buoyancy are a more significant portion
of the overall process for lower forcing flow rates.

In addition to time lags, lines have been fit to the data for the periods just prior to
entering OG and in 0G. These are tabulated as slopes (dT/dt) in Table 2, and Figure 6



shows an example of what portions of the thermocouple traces these values are derived
from. As shown in Table 2, for lower forced flow rates in regions near the reaction zone,
temperature tises faster just prior to the initiation of 0G (this is the pull-up, where
acceleration is 2G's) and falls faster during OG (this is shown graphically in Figure 7).
This shows that, for the higher forced flow velocities, the effects of 2G or 0G are less and
less noticeable. This is an indication that we are moving toward pure forced flow
dominated smolder.

near reaction zone

05 cm/sec 12" +.945 -1.93
.14 cm/sec - +.690 -1.58
22 cm/sec +.355 -126
.14 cm/sec 112" +.904 071
22 cm/sec +1.16 -0.80
away from reaction zone
virgin foam
05 cm/sec 112" -.148 +.263
.14 cm/sec 2" -019 +.289
22 cm/sec 2
char regions ’
.14 cm/sec 12" -.228 +.480
112" -113 +.658
22 cm/sec 2"
1127

Figure 8 shows thermocouple and acceleration traces which are an example of
results from the char region. As can be seen from this figure, as well as Table 2, the effect
of the 2G pull-up is minimal but during 0G the temperature clearly goes up. There is no
discernable time lag for data from these regions, and the effect of forced flow rate seem to
be that the temperature rise during 0G is smaller the higher the forced flow velocity.
Qualitatively, this makes sense, since the higher the forced velocity, the smaller the
percentage of overall convective heat loss that is due to buoyant convection. What is clear
is that in these regions away from the reaction zone the reduced heat losses in 0G resultin
higher fuel temperatures.

CONCLUDING REMARKS

These data show significant variation, for smolder behavior in 0G, from that in a
normal or higher gravity environment. For all forced flow rates examined, there is a
greater change in smolder during 0G than during 2G accelerations. While the 2G pull-ups
seemed to enhance smolder (see Figure 6), the reaction itself was always significantly
depressed in 0G. The peak smolder temperature seen during these experiments was
somewhat higher than that seen in ground-based experiments on smoldering polyurethane
foamd, This is due to the high G maneuvers, which enhance oxygen flow to the reaction
zone. This, and the response of the reaction to 0G indicate that this strong smolder reaction
is oxygen supply limited. These tests give some possible evidence that smolder will simply
extinguish in low gravity environments. But there are several factors which must still be
better understood. The tests also show an apparent insulating effect, seen in the
temperature rise in char regions during 0G, which may contribute to smolder sustainability
at a lower temperature than those in these tests. The KC-135 environment will never allow
examination of this because the 2G pull-ups enhance the smolder reaction prior to each 0G



period. This would of course be dependent on sufficient available oxygen to sustain a low
temperature smolder reaction, since there is, particularly in high porosity fuels such as low
density foams, a strong coupling between heat transfer and oxygen supply in a smolder
reaction.10. It is unknown at this time whether there is sufficient oxygen in the pores of a
foam fuel to sustain smolder (i.e. a purely diffusion controlled reaction).

The authors would like to acknowledge the following people for there contributions to this
research effort : Dan Gotti, Sandra Olson and Ray Sotos, all of the NASA Lewis Research
Center. This work was supported by NASA Grant # NAG -3-443.
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Figure 3

Data From Normal Gravity Tests
Downward Opposed Smolder
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Figure §
Data From An Entire Flight
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